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ABSTRACT OF THE THESIS 

 

The relationship between Rab-mediated trafficking and T-tubule remodeling in 
muscles 

 

by 

 

Tzu-Han Lin 

Master of Science in Biology 

University of California, San Diego, 2017 

Professor Amy Kiger, Chair 

Professor Deborah Yelon, Co-Chair 

 

T-tubules are specialized plasma membrane invaginations in muscle cells 

critical for contraction. However, despite the significance to muscle function, how T-

tubule membranes form and remodel is poorly understood. Our laboratory identified a 

developmental myofiber remodeling program during Drosophila metamorphosis with 

distinct membrane trafficking requirements for regulated T-tubule disassembly and 

reassembly. Through a timecourse analysis by live cell microscopy imaging in intact 

myofibers, I narrowed the progression of T-tubule disassembly to a 12-hour 

“disassembly window,” during which I observed an upregulation in both endosomal 
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and autophagy membrane flux. I performed colocalization and genetic experiments 

that suggest disassembled T-tubule membrane enters into a distinct and transient 

endosomal-lysosomal trafficking pathway critical for the remodeling process. 

Furthermore, I examined Rab2, Rab7, Rab35, and Sbf requirements in T-tubule 

disassembly, and discovered RNAi defects in both T-tubule and endosomal membrane 

flux during the disassembly window. In addition, I characterized a parallel 

upregulation and requirement for autophagy in the T-tubule disassembly process. I 

propose a model that integrates T-tubule disassembly with endolysosomal and 

autophagic pathways, with potential implications in muscle maintenance and function. 

This study underscores the value of myofiber remodeling to understand not only T-

tubule dynamics, but also to serve as a sensitized system for illuminating fundamental 

membrane trafficking mechanisms.  
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Introduction  

 

Muscle cells are highly organized with specialized organelles to enable power 

of contraction. Transverse (T)-tubules are invaginations of the muscle cell plasma 

membrane that mediate “excitation-contraction coupling” by relaying neuromuscular 

action potentials that synchronously regulate sarcomere contractions throughout the 

cell (Al-Qusairi and Laporte, 2011). Signals relayed to junctions between T-tubules 

and the sarcoplasmic reticulum (SR) regulates the release of calcium ions, allowing 

muscular myosin to bind actin filaments and generate force in a power stroke (Lowey 

et. al, 1995). T-tubules form an elaborate network that makes up approximately 80% 

of muscle plasma membrane surface area, and defects in T-tubule organization are 

associated with human myopathy and cardiomyopathy (Al-Qusairi and Laporte, 2011; 

Dowling et. al, 2009).  

Although the physiological requirement for T-tubules is well characterized, 

however, relatively little is known about the mechanisms that control T-tubule 

membrane formation. Of the few known genetic functions involved in T-tubule 

organization, all encode for membrane-associated factors, including CAV3, DNM2, 

and BIN1. Mutations in each of these are linked to human myopathy and 

cardiomyopathy, suggesting the importance of membrane-related mechanisms in 

forming an organized, functional T-tubule network (Razzaq et. al, 2001; Chin et. al, 

2015; Dowling et. al, 2009; Lee et. al, 2002). Even after formation, T-tubules must 

withstand force and damage from contraction and have mechanisms to maintain 
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integrity through growth and aging.  In other cells, plasma membrane 

organization is maintained through ongoing or regulated membrane trafficking (Singer 

and Nicolson, 1972). However, little previous work has determined if T-tubule 

membranes are dynamic and whether similar processes exist to remodel them.  

 Several challenges to studying T-tubule biogenesis and dynamics include the 

difficulty of imaging the extensive, fragile network in intact differentiated myofibers 

(especially in mammals), and the inability for myofibers and cardiomyocytes 

differentiated in cultures to develop a well-defined T-tubule network. In contrast, 

Drosophila myofibers differentiate an extensive T-tubule network, and are accessible 

to microscopy imaging and genetics in live animals. In Drosophila, Amphyphysin was 

identified as a key factor in membrane tubulation and T-tubule biogenesis, and is 

required for adult flight and efficient larval locomotion (Razzaq et. al, 2001). T-

tubules in flies are formed by the end of embryogenesis (Fujita et. al, unpublished 

data) and are observed in larval body wall muscle (Razzaq et. al, 2001). During 

metamorphosis, these muscles undergo a developmentally programmed remodeling 

that provides an ideal system to study T-tubule dynamics in vivo in live animals.  

At the onset of pupariation, larval body wall precursor muscles in larvae 

develop into specialized abdominal muscles called internal oblique muscles (IOMs). 

IOMs are large, multinucleated, single-cell myofibers proposed to be used for adult 

eclosion and early adult life, and subsequently, undergo programmed cell death in one 

day old adults (Kimura and Truman, 1990). As IOMs are relatively large and close to 

the transparent cuticle, T-tubules in IOMs can be easily observed in live animals by 
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expressing a fluorescent membrane-binding protein, or in fixed cells, by using 

fluorescent antibodies against plasma membrane proteins on abdominal fillets.  

Throughout metamorphosis, IOMs undergo drastic morphological changes as 

they thin with myofibril disassembly and then rethicken with myofibril reassembly 

into functional myofibers (Kuleesha et. al, 2014, 2016). Our laboratory discovered that 

T-tubules also undergo significant changes as IOMs remodel. In the larval body wall 

muscle that are the IOM precursors, T-tubules marked by Amphiphysin and Dlg1 are 

organized into a dense network (Razzaq et. al, 2001). The T-tubule network is 

disassembled by 1 day after puparium formation (1d APF) and remains disassembled 

until reassembled around 4d APF just prior to adult eclosion (Nguyen, unpublished 

data; Fujita et. al, 2017; Diagram 1). Since T-tubules in IOMs undergo regulated 

disassembly and reassembly with developmental muscle remodeling, the Drosophila 

IOM is an ideal system in which to study T-tubule dynamics. 

   In this system, we identified distinct genetic requirements for T-tubule 

membrane organization in abdominal muscle of pupal flies from those required for T-

tubule formation in the precursor larval body wall muscle. Using muscle-targeted 

RNAi, we found that shibire (fly homolog of dynamin, a large GTPase) is required for 

T-tubule disassembly at 1 day APF (Nguyen, unpublished data). Dynamin has well-

established roles in pinching off endocytic vesicles (Henley et. al, 1999). It has been 

shown that mutations of DNM2 are correlated with a dominant form of human 

centronuclear myopathy with fragmented T-tubules (Chin et. al, 2015). We also 

discovered that myotubularin (mtm) is required for proper reassembly of the T-tubule 
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network at 4 days APF (Ribeiro et. al, 2011; Fujita, unpublished data). Interestingly, 

neither gene is required for T-tubule formation in larval body wall muscle (Nguyen 

unpublished data, Ribeiro et. al 2011). Mtm is a phosphoinositide phosphatase 

implicated in PI(3)P turnover at endosomes (Velichkova et. al, 2010, Jean et al. 2012). 

Recessive mutations in the MTM1 homolog, the founding member of the MTM 

family, result in centronuclear myopathy in humans (Buj-Bello et. al, 2002; Laporte et. 

al, 1996). Since Dynamin and Mtm are both implicated in endocytosis, and both are 

required for proper T-tubule remodeling, we hypothesize that T-tubule remodeling 

involves a regulated form of endocytosis and endosomal trafficking.  

To further explore membrane functions involved in T-tubule remodeling, our 

laboratory performed a large-scale RNAi screen of over 500 genes for T-tubule 

defects in larval and 4 days APF late pupal (pharate) muscles (Fujita et. al, 2017; 

Fujita, unpublished data). Through this screen, we identified several factors required 

for T-tubule organization in pharates, but not in larvae. Among these hits are several 

genes from the Rab GTPase family. Rab GTPases are considered “master regulators of 

membrane trafficking. They cycle between inactive GDP-bound and active GTP-

bound states, with changes in activation states mediated by specific guanine exchange 

factors (GEFs) and GTPase-activating proteins (GAPs) (Vetter and Wittinghofer, 

2001). Rabs are the largest family of small GTPases, and over 60 have been identified 

in humans, with different functions at varying intracellular compartments (Klöpper et. 

al, 2012). We identified four Rabs (Rab2, Rab7, Rab35, and Rab40) with RNAi T-
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tubule defects at 4 days APF, but not at 3rd instar larva, with two more (Rab5 and 

Rab11) that were unscored due to pupal lethality (Fujita et. al, 2017).  

Among these Rabs, Rab7 has well-characterized functions in the 

endolysosomal pathway. The endolysosomal pathway involves internalization of 

extracellular cargo or plasma membrane proteins via endocytic vesicles, which then 

fuse with the early endosome (Helenius et. al, 1983). The early endosome can recycle 

cargo back to the plasma membrane via recycling endosomes, or mature into a late 

endosome, which fuses to an acidified compartment called the lysosome for 

degradation of cargo (Luzio et. al, 2007). Rab7 has been found at the late endosome, 

and plays a crucial role in endosomal maturation and membrane fusion (Meresse et. al, 

1995; LeBrand et. al, 2002).  

The other hits, Rab2 and Rab35, are implicated in Golgi trafficking and 

clathrin-mediated endocytosis, respectively (Tisdale and Balch, 1996; Kouranti et. al, 

2006). At 4 days APF, Rab2 and Rab7-deficient flies lack T-tubules in their IOMs, 

which are instead filled with autophagosomes (Fujita et. al, 2017). Rab35 RNAi IOMs 

are also missing T-tubules, and are filled with large, round membrane inclusions 

(Fujita et. al, 2017). In all these RNAi conditions, T-tubule remodeling defects 

initially appear early in remodeling by 1 day APF, suggesting a requirement during or 

upon T-tubule disassembly that then causes a block in subsequent remodeling (Fujita 

et. al, 2017). The identification of specific Rab GTPase functions with requirements 

only during T-tubule remodeling suggests the dependence on distinct membrane 

trafficking.  
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Another degradative pathway in the cell that uses specialized membrane 

compartments is autophagy. During autophagy, the cell creates a de novo isolation 

membrane around cytoplasmic cargo, forming an autophagosome, which fuses to late 

endosomes or lysosomes to form an amphisome or autolysosome, respectively (Patel 

et. al, 2013). Autophagy is upregulated with various forms of cell stress and 

remodeling, and is best understood as a cell survival response to starvation 

(Mizushima and Klionsky, 2007). In skeletal muscle, autophagy is required to clear 

damaged mitochondria, preserve muscle mass and maintain myofiber integrity, and 

the loss of autophagy in mice results in muscle atrophy (Masiero, 2009).  

Our laboratory discovered that autophagy-deficient flies are unable to reform 

an organized T-tubule network in IOMs at 4 days APF, and that autophagy is normally 

upregulated in IOMs during early stages of metamorphosis (1-2 days APF) (Fujita et. 

al, 2017). Additionally, Rab2 and Rab7 were found to function at autophagosomes to 

mediate fusion with lysosomes, and loss of either function in IOMs leads to a block in 

autophagy and T-tubule remodeling by 1d APF (Fujita et. al, 2017). These results 

suggest a role for autophagy in T-tubule remodeling and maintenance. 

Here, I closely characterize T-tubule disassembly in wildtype Drosophila 

IOMs and show that T-tubules disassemble via an endocytic process during 

metamorphosis. I also establish the genetic requirements for regulated T-tubule 

disassembly in Drosophila IOMs, and explore the function of each gene both in T-

tubule disassembly and autophagy and/or the endolysosomal pathway. Lastly, I 

explore how these genes impact fully differentiated, functional adult muscles, and 
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propose the Drosophila T-tubule remodeling program as a model for T-tubule 

maintenance and repair in other muscle types.  

 

 

Diagram 1: IOM and T-tubule remodeling during Drosophila metamorphosis. T-tubules 
disassemble at 1d APF, then reassemble at 4d APF, as IOMs in pupal abdomen undergo remodeling.  
 

 

 

 

 

 

 

 

 

 



 

 8 

Results 

 

I) Exploring regulated T-tubule membrane disassembly by endosomal trafficking 

   

Our laboratory found that T-tubule membranes are remodeled in differentiated 

muscles during a developmental remodeling program. In Drosophila IOMs, T-tubules 

are disassembled by 1 day (24 hours, h) after puparium formation (APF) and 

reassembled by 4 days APF (Fujita et. al, 2017). Strikingly, the highly organized T-

tubule network detected by Dlg1:GFP in  the larval body wall precursor muscles is 

absent in IOMs by 24h APF (Fujita et. al, 2017). At the same time, Dlg1-positive foci 

or rings newly appear in the central myofiber (Figure 1A). Recently, we identified 

RNAi (knockdown) conditions with defects in IOM membrane remodeling by 1d APF 

that fail to reassemble a T-tubule network by 4d APF.  Altogether, our results suggest 

that T-tubule membranes initiate disassembly between 0-24h APF and undergo a 

significant reorganization that is essential later for network reassembly after myofiber 

remodeling. The mechanisms and precise timing of the events involved are yet 

unclear.  

 

Timing of T-tubule disassembly  

To elucidate T-tubule dynamics and mechanisms of disassembly during the 

key 0-24h APF time frame, I aimed to first pinpoint the time window of disassembly 

and then visualize the progression of T-tubule disassembly in live animals. Using 
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fluorescence microscopy and GFP-tagged markers, I imaged T-tubule organization in 

IOMs at 12h, 15h, 18h, 20h and 24h APF.   

When visualized with the PI(4,5)P2-binding marker GFP:tubbyPH, that marks 

T-tubules and plasma membrane, IOMs showed an intact and organized T-tubule 

network at 12h APF (Nelson et. al, 2008; Fujita, unpublished data; Figure 1B). 

Between 15-18h APF, the T-tubule network appeared increasingly fragmented, and by 

20-24h APF, was nearly completely absent (Figure 1B). The trend was reproducible, 

indicating that T-tubule disassembly begins between 12-15h APF and is completed by 

20h APF (Figure 1C). To visualize disassembly in real time, I performed timelapse 

imaging of individual IOMs in live pupae between 18-20h APF. Live imaging showed 

disappearance of PI(4,5)P2 -marked T-tubules in discrete patches throughout the IOMs 

over the 2-hour window, accompanied by changes in plasma membrane morphology 

(Supplemental Video 1). The general disassembly trend was confirmed using two 

additional T-tubule markers, Dlg1:GFP and GFP:gpi (Figure 1D). We will refer to this 

12-24h APF period as the “disassembly window.”     

 

T-tubule disassembly coincides with a distinct wave of endocytosis  

Throughout the disassembly window, the disappearance of the T-tubule 

network was concomitant with the new appearance of relatively large vesicles also 

marked by PI(4,5)P2, GFP:gpi and Dlg1:GFP (Figure 1B and 1D, red arrows). The 

presence of the large vesicles was transient, as timelapse imaging during the 

disassembly window showed that vesicles appeared and disappeared within minutes 
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(Supplemental Video 1). The disappearance of the vesicles could be due either to 

movement of vesicles out of the plane of focus (intracellular trafficking) or a 

disappearance of the marker (lipid turnover). The large vesicles were most numerous 

at 18h APF, a time when T-tubule membranes are halfway disassembled (Figure 1E). 

The identity and location of the vesicles resembled those of endocytic vesicles, and 

subsequent vesicle disappearance suggested entry into an endosomal trafficking 

pathway in the cell. Looking earlier at 15h APF, I observed large vesicles seemingly 

attached (or adjacent) to the T-tubules, suggesting that the T-tubules change 

morphology to form the round compartments that later separate from the network 

(Figure 1D, white arrows).  

Our laboratory previously identified several endosomal genes that produce 

abnormal T-tubule phenotypes at 4d APF (Fujita et. al, 2017; Nguyen, unpublished 

data; Ribeiro et. al, 2011). Observation of the distinct transient vesicles suggested that 

regulated T-tubule disassembly may occur by endocytosis. Altogether, we 

hypothesized that disassembled T-tubule membrane is delivered into an endosomal 

pathway essential to muscle remodeling.  

 

Endosomal activity is high during the T-tubule disassembly window 

To test whether T-tubule disassembly coincides with an increase in endosomal 

activity, I expressed and observed fluorescent markers for different stages of 

endosomal trafficking during the disassembly window (12-24h APF). The localization 

of specific Rab GTPases can delineate progression along endosomal pathways. In the 
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canonical endosomal-lysosomal pathway, endocytic vesicles undergo membrane 

fusion and maturation from Rab5 early endosomes to Rab7 late endosomes, which 

then fuse with lysosomes for degradation of lumenal cargo (Hu et. al, 2015).At 12h 

APF, YFP:Rab5 localized to small puncta (presumably small vesicles) throughout the 

IOM (Figure 2A). At 15h and 18h APF, larger rings of Rab5-positive vesicles 

appeared (Figure 2A, red arrows). By 24h APF, fewer large Rab5 rings were detected 

while puncta persisted (Figure 2A), suggesting that a wave of large early endosomes 

occurs between 15h-18h APF. As early endosomes transition into late endosomes, 

Rab5-GTP recruits Rab7 before dissociating from the endosome. This “Rab-switch” is 

an important step in endosomal maturation (Rink et. al, 2005). Similar to the changes 

seen with Rab5, I observed GFP:Rab7 first as small puncta and rings at 12h APF 

(Figure 2B) but then as large Rab7-positive vesicles that filled the IOM by 18h APF 

(Figure 2B). By 24h APF, numerous Rab7 rings remained, albeit smaller (Figure 2B).  

The timing and staggered appearance of large Rab5 (15h-18h APF) and Rab7 (18h-

24h APF) compartments indicated that a distinct endosomal wave coincides with T-

tubule disassembly, and that disassembled T-tubule membrane may enter into an 

endosomal pathway.   

Along with a switch in Rab identities, phosphoinositide forms are also 

interconverted with endosomal maturation. Following de-phosphorylation of PI(4,5)P2 

with loss of plasma membrane identity on endocytic vesicles, PI(3)P then becomes 

enriched on endosomes (Fernandez-Borja et. al, 1999; Petiot et. al, 2003). If T-tubule 

membrane is fed into the endosomal pathway post-scission, we would expect to see an 
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increase in the number of PI(3)P compartments around/after the time T-tubules are 

disassembled. Although small PI(3)P-positive puncta were present at all experimental 

time points (12-24h APF), I observed at 18h-20h APF the striking appearance of 

larger PI(3)P-positive ring structures in all IOMs (Figure 3A, red arrows). Knockdown 

of the Vps34 class III PI3-kinase abolished the transient wave of PI(3)P-positive 

compartments, supporting either an early endosomal or autophagosomal PI(3)P 

membrane identity (Christoforidis et. al, 1999; Figure 3B). Rab5 can recruit the Vps34 

for PI(3)P generation at early endosomes (Christoforidis et. al, 1999). At 18h APF, 

colocalization between an endogenously driven mCherry:Rab5 and GFP:2xFYVE 

confirmed that the large PI(3)P vesicles are Rab5 early endosomes (Figure 3C). The 

appearance of the large PI(3)P vesicles matched the timing of the PI(4,5)P2 vesicles 

and T-tubule disassembly, supporting the possibility that T-tubule-derived PI(4,5)P2 

membrane forms vesicles that mature into PI(3)P endosomes. The subsequent 

disappearance of the large PI(3)P-positive compartments could be due to 

interconversion of PI(3)P to other phosphoinositides as part of the endosomal 

pathway. 

 

T-tubule-derived membrane enters an endosomal pathway 

To further address whether disassembled T-tubule membrane enters into an 

endosomal pathway, I colocalized markers for both. GFP:gpi localizes to cholesterol-

rich regions in the extracellular leaflet of phospholipid bilayer (Legler et. al, 2004) 

and, as such, is a marker of cholesterol-rich T-tubules and plasma membrane (Fujita, 
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unpublished data). In IOMs at 12h APF, GFP:gpi marked an extensive, intact T-tubule 

network and showed little overlap with mCherry:2xFYVE puncta indicating PI(3)P 

endosomes (Figure 4A-4B).  At 18h APF, nearly all of the large mCherry:2xFYVE 

vesicles that appeared at this time point were also GFP:gpi-positive (although mostly 

in lumen, as expected if gpi localization on extracellular leaflet is disrupted), strongly 

suggesting that the large PI(3)P endosomes matured from disassembled GFP:gpi-

marked T-tubule membrane (Figure 4A-4B). By 24h APF, most large 

mCherry:2xFYVE vesicles had disappeared, but GFP:gpi and mCherry:2xFYVE 

maintained colocalization (Figure 4A-4B). To test whether endosomal trafficking is 

required for proper progression in T-tubule membrane disassembly, I tested Vps34 

RNAi conditions during the disassembly window. With Vps34 knockdown, numerous 

GFP:gpi-positive puncta as vesicles or in clumps were present and then filled the 

IOMs at 18h-24h APF (Figure 4C), suggesting a failure in T-tubule-derived membrane 

to progress normally into the distinct and transient wave of large endosomes. 

Our laboratory previously showed that shibire, encoding the single dynamin 

large GTPase in Drosophila, is required for T-tubule disassembly, perhaps in a 

manner analogous to dynamin-mediated endocytosis (Nguyen, unpublished data). I 

was able to repeat this result, showing that the PI(4,5)P2-positive T-tubule network 

normally dismantled by 24h APF in wildtype IOMs instead remained intact as a 

persistent network in shibire RNAi IOMs (Figure 5A). If the increased endosomal 

trafficking observed during the disassembly window is derived from T-tubule 

membranes, we predicted that the transient wave of large endosomes would be 
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abolished in the absence of dynamin-mediated T-tubule disassembly. At 20h APF in 

shibire-depleted IOMs, GFP:2xFYVE marked mostly small puncta and lacked the 

large PI(3)P endosomes normally found in wildtype IOMs at this time (Figure 5B). 

This demonstrates that the formation of the large PI(3)P vesicles are dynamin-

dependent and possibly a direct downstream consequence of T-tubule disassembly. 

Taken together, these results suggest that progression of T-tubule-derived membrane 

in a dynamin-dependent endosomal pathway is crucial to proper T-tubule remodeling.  

 

Formation of tubular lysosomes during the disassembly window 

 Consistent with an increase in endosomal-lysosomal trafficking during the 

disassembly window, we previously reported an increase in the number and size of 

GFP:Lamp1 compartments between 0h and 24h APF (Fujita et al. 2017). In addition, 

we discovered that lysosomal activity becomes organized into an extensive tubular 

lysosomal network upon IOM remodeling (Fujita et. al, unpublished data). In 

Drosophila 3rd instar larval body wall muscle, a dynamic network of tubular 

lysosomes was shown to extend along the myofiber periphery (Johnson et. al, 2015). 

This tubular lysosomal network is crucial to cellular clearance, as disruption of the 

network results in accumulation of polyubiquitinated aggregates and failed 

autophagosome-lysosome fusion (Johnson et. al, 2015). Given the significance of 

lysosomes as end points in endosomal-lysosomal (above) and autophagy (below) 

trafficking pathways that were both increased during T-tubule disassembly, I looked at 

the dynamics of the tubular lysosomal network in IOMs during the disassembly 
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window using the novel marker, GFP:syntaxin17 (Stx17, Fujita, unpublished data).  

At 12h APF, GFP:Stx17 marked clumps of vesicles between myofibrils but no tubular 

network was observed (Figure 6A). By 15h APF, small, fragmented patches of a 

GFP:Stx17 tubular network were seen, including short tubules protruding from 

GFP:Stx17 vesicles (Figure 6A). By 18h APF, GFP:Syntaxin17 marked long tubules 

that extended throughout the muscle forming an organized network, and by 24h, an 

extensive tubular network filled the IOM (Figure 6A). This data suggested that the 

larval tubular lysosome network is also disassembled during onset of pupariation and 

reformed between 12h and 24h APF, coincident with T-tubule disassembly.  

 To explore whether the formation of the tubular lysosomal network is 

dependent on T-tubule disassembly (perhaps as a membrane source), I examined 

GFP:Stx17 in shibire RNAi IOMs that do not disassemble T-tubules. At 24h APF, 

dynamin-depleted IOMs failed to form a tubular lysosome network and, instead, 

accumulated GFP:Syntaxin17-positive vesicles (Figure 6B). This result supports the 

possibility that disassembled T-tubule membrane contributes to the expanded tubular 

lysosome. Alternatively, shibire may be required at a second independent point in 

tubular lysosome formation, as dynamin is known to play roles at multiple membrane 

sites in the cell distinct from endocytosis (Kreitzer et. al, 2000; Mesaki et. al, 2011). 

Taken together, our results show that T-tubule disassembly is concomitant with, and 

possibly necessary for, the formation of a tubular lysosomal network at 1d APF during 

IOM remodeling. 
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Figure 1: T-tubules disassemble between 12 and 24 hours APF. A) GFP:Dlg1 (Discs large) in 
wildtype 3rd instar larva body wall muscle and 24h APF IOM, showing organized and disassembled T-
tubule network. B) Time course microscopy of PI(4,5)P2 marker, GFP:tubbyPH, in individual wildtype 
IOMs (top) and magnified view (bottom). Red arrows point to unattached vesicles; white arrows point 
to vesicles attached to tubules. C) Quantification of T-tubule organization observed in (B). D) Time 
course microscopy of GFP:Dlg1 and GFP:gpi (fluorescent plasma membrane anchor) in wildtype 
IOMs, showing similar pattern as (B). Red arrows point to vesicles. E) Percentage of wildtype IOMs 
with any observed GFP:tubbyPH vesicles with visible lumen (n=16 for 12h APF, n=15 for 18h APF, 
n=14 for 24h APF).  
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Figure 2: Endosomal activity increases during the T-tubule disassembly window. A) Time course 
microscopy of early endosome marker YFP:Rab5 in wildtype IOMs. Red arrowheads point to large 
vesicles. B) Time course microscopy of late endosome marker GFP:Rab7 in wildtype IOMs. Red 
arrowheads point to large vesicles. 
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Figure 3: Large PI(3)P vesicles appear during the T-tubule disassembly window. A) Time course 
microscopy of PI(3)P marker GFP:2xFYVE in individual wildtype IOMs (top) and magnified view 
(bottom). Red arrowheads point to large vesicles. B) GFP:2xFYVE in wildtype and Vps34 RNAi IOMs 
at 18h APF. C) GFP:2xFYVE and mCherry:Rab5 in wildtype IOM at 18h APF. White arrowheads 
point to colocalization on large vesicles. 
 

 



 

 

19 

 

Figure 4: Large endosomes during disassembly window are T-tubule-derived. A) Time course 
microscopy of GFP:gpi and mCherry:2xFYVE in wildtype IOMs. White arrows point to colocalization 
on large vesicles at 18h APF. B) Quantification of colocalization in (A), measured by thresholded 
Mander’s split coefficient (n=9 for 12h APF, n=8 for 18h APF, n=9 for 24h APF). Significance 
calculated by unpaired t-test (p=0.0208). C) Time course microscopy of GFP:gpi in wildtype (top) and 
Vps34 RNAi (bottom) IOMs.  
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Figure 4: Large endosomes during disassembly window are T-tubule-derived, Continued 
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Figure 5: Shibire is required for formation of PI(3)P vesicles during T-tubule disassembly. A)  
GFP:tubby in wildtype and shibire RNAi IOMs at 24h APF. B) GFP:2xFYVE in wildtype and shibire 
RNAi IOMs at 20h APF.  
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Figure 6: Tubular lysosome forms and expands during disassembly window. A) Time course 
microscopy of tubular lysosome marker GFP:Stx17 in individual wildtype IOMs (top) and magnified 
view (bottom). Red arrowheads point to initial formation of tubules at 15h APF. B) GFP:Stx17 in 
wildtype and shibire RNAi IOMs at 24h APF. Red arrowheads point to tubular network in wildtype.  
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II) Exploring additional genetic requirements for regulated T-tubule disassembly 

  

Rab2, Rab7 and Rab35 are required for T-tubule remodeling in IOMs 

Our laboratory discovered through RNAi screens new functions distinctly 

required for T-tubule organization in Drosophila IOMs at 4 days APF versus in larval 

body wall muscle, suggesting specific roles in T-tubule remodeling versus T-tubule 

biogenesis (Fujita et. al, 2017). From all of the Drosophila Rab GTPases tested, four 

Rabs were found to be required for T-tubule organization in IOMs: Rab2, Rab7, 

Rab35 and Rab40 (Fujita et. al, 2017). Recently, we reported that Rab2 shares a novel 

role with Rab7 in autophagosome-lysosome fusion, and I helped to demonstrate that 

autophagy is induced with and required for T-tubule disassembly at early stages of 

IOM T-tubule remodeling (see part III and Fujita et al. 2017).  In addition, I explored 

suggested endosomal roles for Rab7, Rab2 and Rab35 in T-tubule remodeling during 

the disassembly window.  

 

Rab7 and Rab2 share roles in endosomal maturation of disassembled T-tubule 

membrane 

 In our recent study, we found that Rab2 and Rab7 RNAi muscle, while 

unaffected for larval T-tubule organization or mobility, both similarly disrupted 

progression in IOM T-tubule remodeling in the disassembly window with a block in 

autophagy. We demonstrated that Rab2 and Rab7 activity on autophagosomes or 

lysosomes, respectively, mediate interactions with the homotypic fusion and vacuole 
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protein sorting (HOPS) complex needed for autophagosome-lysosome membrane 

tethering and fusion (Fujita et. al, 2017). In addition to a block in autophagosome 

delivery by 24h APF explored in our published study, we noted that both Rab2 and 

Rab7 RNAi conditions also resulted in uncharacterized large, central membrane 

inclusions. I investigated endosomal progression during T-tubule disassembly in more 

detail. 

As with the specific autophagy phenotypes (Fujita, unpublished data), there 

was a striking similarity in the T-tubule disassembly and endosomal phenotypes in 

both Rab7 and Rab2 RNAi conditions. With muscle-targeted Rab7 or Rab2 

knockdown, the T-tubule network was intact at 12h APF as in wildtype (Figure 7A-

7C). At 15h or 18h APF, large PI(4,5)P2-positive inclusions accumulated in IOMs 

with Rab7 or Rab2 RNAi (Figure 7A-C). These inclusions are much larger and 

brighter than ones normally observed in wildtype. While in wildtype most PI(4,5)P2-

positive vesicles disappeared by 24h APF, IOMs with Rab7 or Rab2 RNAi instead 

resulted in inclusions that grew in size over time and abnormally filled the IOM by 

24h APF (Figure 7B-7C). Rab7 is an important component mediating delivery of late 

endosomes to lysosomes (LeBrand et. al, 2002), so loss of Rab7 function may impair 

progression in early to late endosome identity. As predicted, RNAi of Rab7 as well as 

Rab2 both resulted in an accumulation of large Rab5- and PI(3)P-positive vesicles in 

IOMs at 18 and 24 hours APF, respectively, indicating a block in endosomal 

maturation (Figure 8A-8C). Taken together, these results suggest that Rab2 and Rab7 
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play shared roles in endosomal progression of T-tubule membrane following 

disassembly. 

Given the characterized interactions between Rab2 and Rab7 with the HOPS 

complex in SNARE-mediated fusion in autophagy (Fujita et. al, 2017), it is possible 

that the shared Rab2 and Rab7 requirements for T-tubule membrane-derived 

endosomal flux are also due to shared roles in a membrane fusion step. Previously, we 

showed that the autophagy-specific Stx17 SNARE protein, like Rab2 and Rab7, is 

required for T-tubule remodeling, with depletion resulting in large mCD8:GFP-

marked vacuoles (as well as accumulated autophagosomes) at 24h APF (Fujita et. al, 

2017—see eLife Figure 6 supplement, and Figure 3). To confirm the membrane 

identity and additional SNARE requirements for the central inclusions, I tested 

Vamp7/8 RNAi for effects on T-tubule disassembly. Vamp7/8 is a SNARE protein in 

flies that performs functions of both mammalian Vamp7 and Vamp8. Like Rab2 and 

Rab7 RNAi, Vamp7/8 RNAi exhibited an intact T-tubule network at 12h APF, but 

became filled with large GFP:gpi-marked plasma membrane-derived inclusions at 24h 

APF (Figure 8D). The shared T-tubule disassembly and endosomal phenotypes shown 

here between Rab2, Rab7 and Vamp7/8 loss of function conditions – along with 

similar phenotypes for other mediators of autophagosome-lysosome fusion (Fujita) – 

suggests a role for Rab2 and Rab7 in SNARE-mediated fusion during endosomal 

maturation of disassembled T-tubule membranes during the disassembly window.  
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Rab35 is required for normal T-tubule disassembly and endosomal maturation 

Another significant hit from our RNAi screen was Rab35 (Fujita et. al, 2017), 

a Rab GTPase with described endosomal functions (Kouranti et. al, 2006; Allaire et. 

al, 2010). At 4 days APF, the T-tubule network was missing and large vacuous 

inclusions filled Rab35-depleted or Rab35-dominant negative IOMs (Fujita and 

Huang, unpublished data). I demonstrated that T-tubule formation and larval mobility 

were unimpaired in Rab35-depleted larval muscles (Supplemental Figure 1A- 1B), 

confirming a specific Rab35 role during IOM remodeling. The general membrane 

marker, mCD8:GFP, indicated a Rab35 function is required early in IOM remodeling, 

with abnormally large membrane inclusions present by 24h APF with Rab35 RNAi. In 

other contexts, Rab35 has demonstrated functions in endocytic trafficking and 

recycling (Kouranti et. al, 2006). Recently, Rab35-GTP was shown to recruit the 

OCRL PI(4,5)P2 phosphatase to newborn endosomes during clathrin-mediated 

endocytosis (Cauvin et. al, 2016). OCRL conversion of PI(4,5)P2 to PI(4)P is required 

for clathrin uncoating and cargo sorting in early endosomes, and knockdown of Rab35 

and OCRL both result in enlarged, PI(4,5)P2 -positive early endosomes (Cauvin et. al, 

2016). Thus, the inclusions that accumulate in IOMs with Rab35 loss of function may 

be due to a defect in early endosomal flux.  

To determine whether a defect during T-tubule disassembly contributes to 

abnormal inclusions with Rab35 depletion, I examined PI(4,5)P2 with GFP:tubbyPH 

in IOMs during the disassembly window. At 12h APF, T-tubules were intact and well-

organized (Figure 9A). By 15h APF, the T-tubule network was still present, but 
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relatively large PI(4,5)P2 -positive vesicles appeared, with some vesicles apparently 

attached to or continuous with the T-tubules (Figure 9A, red arrowheads). These 

vesicles are much larger and brighter than the ones normally observed in wildtype 

(Figure 9A, 1B). By 18h APF, the T-tubule network was precociously absent, at a time 

when fragmented T-tubules are normally still present in wildtype IOMs (Figure), 

along with further enlargement of the accumulated PI(4,5)P2 -positive inclusions that 

persisted at 24h APF (Figure 9A). The PI(4,5)P2  inclusions were also GFP:gpi-

positive (Supplemental Figure 2). To further confirm that the large inclusions were 

derived from disassembled T-tubule membrane, I created and tested double shibire 

and Rab35 co-RNAi knockdown flies for T-tubule defects. As with dynamin 

knockdown alone, the T-tubule network remained intact without any PI(4,5)P2 

inclusions in IOMs with double knockdown by 24h AP. This supports that T-tubule 

membrane contributes to the formation of PI(4,5)P2-positive inclusions, and that 

Rab35 acts in the same pathway as dynamin-mediated T-tubule disassembly (Figure 

9). In addition, the precocious T-tubule disassembly at 18h APF with Rab35 RNAi 

suggests that Rab35 may mediate the timing or nature of dynamin-mediated 

disassembly. 

 If Rab35 promotes T-tubule membrane entry into or progression within an 

endosomal pathway, we predicted that Rab35 RNAi would block the endosomal wave 

in the disassembly window. To test this, I examined YFP:Rab5 and GFP:2xFYVE in 

Rab35-depleted IOMs. At 12h APF, YFP:Rab5 localized to small puncta throughout 

the IOM, like in wildtype (Figure 10A). At 18h APF, however, abnormally large 
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YFP:Rab5-positive rings accumulated alongside other large unmarked vacuoles 

(Figure 10A, red and white arrows), suggestive of a Rab35 role in cargo exit from the 

early endosomes (Allaire et. al, 2010). Interestingly, by 24h, only a few Rab5-positive 

rings remained along with many more unmarked vacuoles (Figure 10A). It is possible 

that even in the absence of Rab35, Rab5 is able to recruit Rab7 for the Rab-switch, but 

that subsequent steps are prevented, arresting the endosome and causing accumulation 

in the muscle. When I monitored GFP:2xFYVE distribution, I found that the large 

PI(3)P rings that normally transiently appeared were nearly completely absent at both 

18h and 24h APF (Figure 10B-10B’. This result supports the idea that post-scission 

PI(4,5)P2-positive T-tubule membrane matures into PI(3)P endosomes, consistent with 

a Rab35 role in PI(4,5)P2 conversion (Cauvin et. al, 2016). Taken together, these 

results suggest that Rab35 plays a crucial role in the endosomal progression of T-

tubule-derived membrane after disassembly.  

 

Rab35 localizes to T-tubules and T-tubule-derived endosomes during the disassembly 

window 

 To further understand Rab35 function and involvement in T-tubule 

disassembly, I examined Rab35 localization in IOMs during the disassembly window. 

Overexpressed YFP:Rab35 localized along T-tubules and the plasma membrane in 

IOMs at 12h APF, similar to Rab35 localization at the plasma membrane in other cell 

types (Stenmark, 2009; Figure 11A). At 15h APF, YFP:Rab35 was seen on T-tubules 

and budding vesicles, suggesting that Rab35 remains on the T-tubule membrane after 
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disassembly (Figure 11A, red arrows). At 18hAPF, Rab35 was seen on the remaining 

fragmented T-tubules as well as small inclusions (Figure 11A). By 24h APF, Rab35 

signal in the IOM was very weak on small central vesicles and in clumps (Figure 

11A). To visualize Rab35 localization with respect to the endocytic events during the 

onset of T-tubule disassembly, I co-expressed and examined YFP:Rab35 and 

mCherry:2xFYVE at 15h APF. I observed that while Rab35 colocalized with PI(3)P 

endosomes, only the dimmer (but not the brighter) rings of YFP:Rab35 were also 

marked by mCherry:2xFYVE (Figure 11B, red and white arrows). This result suggests 

a temporal order of events, whereby first Rab35-marked T-tubules vesiculate, Rab35 

promotes endosomal maturation, then Rab35 comes off as PI(3)P is added to the 

endosomes. This sequence of events places Rab35 function in T-tubule disassembly at 

early stages during vesicle formation and immediately after vesicle scission.   

 

Rab35 shares T-tubule remodeling functions and interacts with Sbf/MTMR13 

 For a number of reasons, we identified Sbf, an MTM pseudophosphatase 

(MTMR13 in mammals), as a putative Rab35-interacting function in T-tubule 

remodeling. Firstly, our laboratory previously identified Myotubularin (mtm), a PI3-

phosphatase, with specific requirements for maintenance of T-tubule membrane 

organization and integrin adhesions in IOMs (but not larval muscle), including proper 

clearance of endosomal accumulations (Ribeiro, 2011). In parallel studies in 

macrophages, we found that Sbf acts as both a scaffold for Mtm PI3-phosphatase 

activity and as a Rab21 guanine nucleotide exchange factor at early endosomes (Jean 
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et. al, 2015). Subsequently, we showed that Sbf RNAi results in T-tubule defects in 

larval muscle and IOMs, and Sbf protein localizes to T-tubule membranes in wildtype 

myofibers (Fujita, unpublished data; and Supplemental Figure 7), suggesting a direct 

role for Sbf in T-tubule organization and/or dynamics. Lastly, Sbf was recently 

identified in a large-scale Drosophila GTPase pulldown screen to selectively bind 

Rab35-GTP (Gillingham et. al, 2014). Altogether, we speculated that Rab35 and Sbf 

(and possibly Mtm) act together in a shared endosomal pathway, and that this pathway 

is important in the regulation or progression of IOM T-tubule remodeling. 

 To explore in more detail a specific role for Sbf in T-tubule disassembly, I 

monitored Sbf-depleted IOMs for T-tubule and endosomal membrane phenotypes 

during the disassembly window. At 20 and 24h APF, the IOMs were filled with large, 

PI(4,5)P2-positive inclusions (Figure 12A), similar to Rab2 and Rab7 RNAi 

conditions. Sbf RNAi IOMs also showed defective endosomal progression following 

T-tubule disassembly. Like with Rab2, Rab7, and Rab35 RNAi conditions, IOMs 

under Sbf RNAi at 18h APF accumulated large Rab5-positive vesicles, suggesting an 

endosomal block (Figure 12B).  

  Given Sbf and Rab35 have shared roles in T-tubule disassembly and 

endosomal progression and that both proteins could interact in vitro (Gillingham et. al, 

2014), I tested Sbf and Rab35 for physical and genetic interactions in myofibers. To 

address Sbf and Rab35 protein interactions, I performed a preliminary 

coimmunoprecipitation that suggested Sbf can bind Rab35 in larval muscles (Figure 

12C).  Next, I observed colocalization between mCherry:Sbf and YFP:Rab35 proteins 
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along the intact T-tubule network in larval and early pupal myofibers (Figure 12D). At 

18h APF, both Sbf and Rab35 remained colocalized on T-tubule-derived vesicles, 

while Sbf also localized alone at new bright puncta distinct from Rab35 (Figure 12D). 

Finally, to test for genetic interaction, I examined the functional co-dependence for 

Sbf and Rab35 localization in IOMs. In Rab35 RNAi, at 24 hours APF, the bright Sbf 

punctae normally seen in wildtype were nearly completely abolished (Figure 13). This 

suggests that the Sbf puncta seen in wildtype are compartments that cannot be made 

and/or recruit Sbf in the absence of Rab35. In Sbf RNAi, at 24 hours APF, Rab35 

remained localized to T-tubules and large, abnormal vesicular inclusions (Figure 13). 

These inclusions are likely also PI(4,5)P2-positive (Figure 12A), suggesting that Sbf 

may be needed to activate Rab35-GTP or mediate OCRL recruitment. Additionally, it 

is unusual to see T-tubules in IOMs at 24h APF, possibly suggesting a block in 

disassembly in the absence of Sbf. These results indicate the co-dependence for each 

protein localization and/or endosomal progression during T-tubule disassembly.  

 

 

 

 

 

 

 

 



 

 

32 

 

Figure 7: Rab2 and Rab7 are required for T-tubule disassembly. A) Time course microscopy of 
GFP:tubbyPH in wildtype IOM. B) Time course microscopy of GFP:tubbyPH in Rab7 RNAi IOM. C) 
Time course microscopy of GFP:gpi and GFP:tubbyPH in Rab2 RNAi IOM. 
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Figure 8: Rab2 and Rab7 are required for distinct endosomal wave with T-tubule disassembly. A) 
YFP:Rab5 in wildtype, Rab2 RNAi, and Rab7 RNAi IOMs at 18h APF. B) GFP:2xFYVE in wildtype, 
Rab2 RNAi, and Rab7 RNAi IOMs at 24h APF. Red arrows point to large inclusions in both RNAi 
conditions. C) Quantification of large GFP:2xFYVE vesicles (defined by ³ 2µm2 and ³ 0.25 roundness) 
in wildtype, Rab2 RNAi, and Rab7 RNAi IOMs at 24h APF (n=11 for wildtype, n=6 for Rab2 RNAi, 
n=6 for Rab7 RNAi). Significance calculated by unpaired t-test (p<0.0001, p=0.0137).  D) GFP:gpi in 
Vamp7/8 RNAi IOMs at 12h APF (showing organized T-tubule network), and at 24h APF. 
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Figure 9: Rab35 is required for T-tubule disassembly. A) Time course microscopy of GFP:tubbyPH 
in Rab35 RNAi IOM. B) GFP:tubbyPH in wildtype, shibire RNAi, Rab35 RNAi, and shibire and 
Rab35 co-RNAi IOMs at 24h APF.  
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Figure 10: Rab35 is required for endosomal progression upon T-tubule disassembly. A) Time 
course microscopy of YFP:Rab5 in wildtype and Rab35 RNAi IOMs. Red arrowheads point to large 
YFP:Rab5 inclusions, and white arrowheads point to large non-Rab5 inclusions in Rab35 RNAi. B) 
GFP:2xFYVE in individual Rab35 RNAi IOMs (top) and magnified view (bottom) at 18h and 24h 
APF. B’) Quantification of large GFP:2xFYVE vesicles (defined by ³ 2µm2 and ³ 0.25 roundness) in 
wildtype and Rab35 RNAi IOMs (for 18h APF, n=13 for wildtype, n=12 for Rab35 RNAi; for 24h 
APF, n=11 for wildtype, n=6 for Rab35 RNAi). Significance calculated by unpaired t-test (p<0.0001). 
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Figure 11: Rab35 localizes to T-tubules and T-tubule-derived endosomes. A) Time course 
microscopy of YFP:Rab35 in wildtype IOMs, showing T-tubule pattern at 12h APF. Red arrowheads 
point to YFP:Rab35 inclusions attached to tubules. B) YFP:Rab35 and mCherry:2xFYVE in wildtype 
IOM at 15h APF. White arrowheads point to colocalization on vesicles. Red arrows point to vesicles 
with only YFP:Rab35.   
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Figure 12: Sbf is required for T-tubule disassembly and interacts with Rab35. A) GFP:tubbyPH in 
Sbf RNAi IOMs at 20h and 24h APF. B) YFP:Rab5 in Sbf RNAi IOM at 18h APF, showing large 
YFP:Rab5 inclusions. C) Coimmunoprecipitation assay between wildtype (WT) and constitutively 
active (CA) forms of YFP:Rab35, and myc:Sbf. D) YFP:Rab35 and mCherry:Sbf in wildtype 3rd instar 
larva body wall muscle and 18h APF IOM. White arrowheads point to colocalization on T-tubules in 
larva.  
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Figure 13: Rab35 and Sbf loss of function affects Sbf and Rab35 localization, respectively. (top) 
mCherry:Sbf in Rab35 RNAi IOMs at 24h APF. (bottom) YFP:Rab35 in Sbf RNAi IOMs at 24h APF. 
Red arrowheads point to YFP:Rab35 inclusions.  
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III) The role of autophagy in T-tubule disassembly and remodeling 

 

Autophagy is upregulated during the T-tubule disassembly window 

Our laboratory found that knockdown of genes involved in autophagy 

induction (Atg1, Atg18) or autophagy clearance (Rab2, Rab7, Stx17) disrupted early 

stages in IOM T-tubule remodeling (Fujita et al., 2017). Furthermore, we found that 

levels of autophagy are relatively low in larval muscle and upregulatedin IOMs by 1d 

APF (Fujita et al., 2017). I contributed to this published work by providing data that 

refined the relationship between T-tubule disassembly and autophagy. To further 

explore the timing of autophagy induction, I examined the autophagosomal marker, 

GFP:Atg8, in IOMs during the disassembly window. I found a consistent increase in 

the number of autophagosomes between 12h and peaking at 24h APF (Figure 14A). I 

showed that the onset in autophagy upregulation was coincident with T-tubule 

disassembly 12h-18h APF, with an inversely proportional increase in autophagy levels 

with a decrease in the amount of organized T-tubule network (Figure 14B, Fujita 

2017).       

 

Autophagy induction is required for proper T-tubule disassembly 

Next, I addressed the timing and nature of the requirement for autophagy 

induction and autophagy clearance in T-tubule remodeling. I observed mCD8:GFP, a 

nonspecific membrane marker, during the disassembly window in IOMs with Atg1 

RNAi or Rab2 RNAi, respectively. In wildtype IOMs, the pattern of mCD8:GFP in an 



 

 

40 

organized network was altered with the appearance of small patches and vesicles 

during T-tubule disassembly 18h-24h APF. With Rab2 RNAi, the mCD8:GFP pattern 

was altered with a similar timing by 18h APF, however, with an accumulation of what 

were shown to be (autophagosomal) vesicles and large (endosomal) inclusions. In 

contrast, IOMs expressing Atg1 RNAi accumulated large, abnormal membrane 

patches or membrane whirls by 18h APF that appeared to continue to grow and persist 

up to 24h APF (Figure 14C). The identity of these whirls is yet unknown, but from 

this, we speculate that autophagy induction may facilitate T-tubule membrane 

disassembly and/or clearance. 

 

Rab2 RNAi leads to accumulation of autophagosomes at 24h APF 

 Our laboratory demonstrated a role for Rab2 at the autophagosome-lysosome 

fusion step (Fujita et. al, 2017). To confirm the significance of Rab2 in mediating the 

autophagy flux that immediately follows T-tubule disassembly, I examined GFP:Atg8. 

In Rab2 RNAi IOMs at 24h APF, I observed a striking accumulation of GFP:Atg8-

positive punctae (Figure 14D). Altogether, our results suggest either a dual role for 

Rab2 in autophagy and T-tubule disassembly, or that autophagy is required in T-tubule 

disassembly.  
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 Figure 14: Autophagy is required for T-tubule disassembly. A) Time course microscopy of 
autophagosome marker GFP:Atg8 in wildtype IOMs. B) Quantification of number of autophagosomes 
observed in (A), superimposed over graph of T-tubule disassembly (1C). C) Time course microscopy of 
membrane marker mCD8:GFP in wildtype and Atg1 RNAi IOMs. D) GFP:Atg8 in wildtype and Rab2 
RNAi IOMs at 24h APF.  
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Figure 14: Autophagy is required for T-tubule disassembly, Continued 
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IV) The implications of T-tubule remodeling during metamorphosis in IOM 

function and adult muscle maintenance 

  

In addition to establishing a mechanism and characterizing the progression of 

T-tubule disassembly in remodeling, it is important to consider whether T-tubule 

remodeling is important for IOM muscle function. To address this, I tested eclosion 

rates in RNAi conditions that we identified to have defective T-tubule disassembly. 

Since it has been proposed that IOMs are important for abdominal contractions 

involved in adult eclosion, I tested eclosion rates of Rab2, Rab7, and Rab35 RNAi 

flies, which all lack an organized T-tubule network at 4 days APF (Kimura and 

Truman, 1990; Fujita et. al, 2017). Rab7 RNAi and one line of Rab35 RNAi 

(Bloomington collection) showed no significant difference in eclosion rates from 

wildtype, while Rab2 RNAi and another version of the Rab35 RNAi hairpin (VDRC 

KK line) showed minor eclosion defects (Figure). In both Rab2 and Rab35KK RNAi 

flies, eclosion rates maxed at 77% (Figure 15A). It is unclear at this time whether 

these results are biologically relevant or caused by extraneous variables, such as 

defects in other muscles other than those described in IOMs.  

Another question to address is whether T-tubule remodeling is important for 

ongoing muscle maintenance with changes in myofiber size (growth, atrophy) or 

membrane damage (contractile force, aging) in adult muscles. To determine whether a 

system of membrane trafficking similar to T-tubule remodeling in pupae exists in 

adult muscles to remodel and repair T-tubules, I performed flight experiments on 
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Rab2, Rab7, and Rab35 RNAi flies. When I examined flight abilities in RNAi adults 

of various ages, I observed that Rab2, Rab7, and Rab35 RNAi flies all exhibit 

abnormally high levels of flightlessness.  

At 11-13 days after egg laying (AEL; or ~1-3d post-eclosion), all newly 

eclosed wildtype adults exhibited the ability to fly (0%flightless), with only a minor 

increase in precent flightlessness with increased days post-eclosion (3% and 11% in 

15 and 17d AEL, respectively) (Figure). In contrast, Rab7 RNAi showed low levels of 

flightlessness in newly eclosed flies (0% and 3% flightless at 11 and 13d AEL, 

respectively) that dramatically increased with age to 57% by 17d AEL (Figure 15B). 

Rab2 RNAi showed relatively higher levels of flightlessness in newly eclose flies 

(37% and 32% flightless at 11 and 13d AEL, respectively) that also increased with age 

to 60% flightless by 17d AEL (Figure 15B). Strikingly, Rab35 RNAi showed much 

higher levels of flightlessness in newly eclosed flies (60% and 82% flightless at 11 

and 13d AEL, respectively) than either Rab2 or Rab7 RNAi, and by 15d AEL, 100% 

Rab35 RNAi flies were flightless (Figure 15B). These results suggest that Rab2, Rab7, 

and Rab35 play significant roles in preserving the function of adult flight muscles. It is 

uncertain at this time whether these Rabs function through a similar or different 

pathway as the one involved in T-tubule remodeling in IOMs.   
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Figure 15: Flight, but not eclosion, is impaired by disruption of Rab GTPases involved in T-
tubule endosomal trafficking. A) Percent of pupae that successfully eclose over time in wildtype, 
Rab2 RNAi, Rab7 RNAi, and Rab35 RNAi conditions (for wildtype, n=103; for Rab2 RNAi, n=118; 
for Rab7 RNAi, n=53; for Rab35 RNAi (BL), n=84; for Rab35 RNAi (KK) n=65). B) Percent of 
flightless adults over time in wildtype, Rab2 RNAi, Rab7 RNAi, and Rab35 RNAi conditions (for 
wildtype, n ³ 36; for Rab2 RNAi, n ³ 21; for Rab7 RNAi, n ³ 30; for Rab35 RNAi, n ³ 15). 
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Supplemental Figures. 1A) Larval flip assay between wildtype and Rab35 RNAi larvae (n=11 for 
wildtype, n=13 for Rab35 RNAi. Triplicate times were collected for each animal.) Significance 
calculated by unpaired t-test (p=0.2657). 1B) DLG:GFP in wildtype and Rab35 RNAi larval body wall 
muscles. 2) GFP:gpi in Rab35 IOMs at 24h APF. 3) mCherry:Sbf in larval body wall muscle. 
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Discussion 

 

 Despite the importance of the T-tubule network for muscle function in humans 

and other species (Haddock et. al, 1999; Al-Qusairi and Laporte, 2011), how T-tubules 

are repaired and maintained, and the dynamics of the network are currently poorly 

understood. Our laboratory previously characterized a developmentally regulated T-

tubule remodeling program in Drosophila dorsal internal oblique muscles (IOMs) that 

allows for observation of the T-tubule network in live, intact myofibers (Fujta et. al, 

2017). T-tubules in IOMs are disassembled by 1 day after puparium formation (APF), 

and reassembled into an organized network at 4 days APF, providing an in vivo system 

in which to study T-tubule dynamics. Understanding the mechanism of this regulated 

disassembly and reassembly will provide insight into how T-tubule membrane in 

different muscle types and across species are trafficked and remodeled through 

damage, aging, and disease. In this study, I explored the requirements and proposed 

endosomal mechanisms for T-tubule disassembly in IOMs at 1 day APF. My results 

suggest that endosomal trafficking and autophagy function together to disassemble T-

tubules in IOMs, and to possibly preserve T-tubule organization and muscle function 

in adult muscles.   

  

T-tubules disassemble between 12h-24h APF during IOM remodeling with hallmarks 

of endocytosis 

 Although our laboratory had observed that the organized T-tubule network 
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seen in larval body wall precursor muscles was completely absent in IOMs by at 1 day 

APF (Nguyen, unpublished data), the timing and progression of T-tubule disassembly 

within the 24h+ window was previously unknown. Here, I determined a more precise 

T-tubule disassembly window between 12h and 24h APF and showed that 

disassembly occurs in a highly regulated and reproducible manner (Figure 1). 

Knowing the timing of T-tubule disassembly allows us to narrow down our window of 

observation in order to watch the progression and manner of T-tubule disassembly, as 

well as to identify and place the requirement for specific genes within a hierarchical 

framework involved in the wildtype program for T-tubule remodeling. 

An earlier study from our laboratory showed that dynamin, a large GTPase, is 

required for T-tubule disassembly (Nguyen, unpublished data). Dynamins have well-

established roles in membrane scission for endocytic vesicle formation in many cell 

types (Henley et. al, 1999). Together, this led us to the hypothesis that T-tubule 

disassembly occurs, at least in part, through some form of dynamin-mediated 

endocytosis. The precise mechanism for this process, however, was unclear.  

Utilizing the disassembly timeline, I was able to observe morphological 

changes in T-tubule membranes over timepoints. I showed that the T-tubules appear to 

form relatively large and fairly uniformly sized vesicular compartments along the 

length of the tubules, and that the vesicles later separate from the plasma membrane 

(Figure 1). This observation supports the proposed model that dynamin directly 

mediates T-tubule membrane scission along the length of a tubule, resulting in the 

string of vesicles. As the most upstream function required for T-tubule disassembly, 
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dynamin appears to be regulated for T-tubule disassembly activity specifically during 

15h-18h APF. We speculate that dynamin-mediated T-tubule disassembly is via a 

form of endocytosis.  

 

T-tubule membrane enters the endolysosomal pathway 

Human myopathy conditions with disorganized T-tubule networks and muscle 

defects have been linked to mutations in genes with known endosomal functions (Al-

Qusairi et. al, 2009; Dowling et. al, 2009). However, the endosomal requirement in T-

tubule maintenance has not been closely investigated in myofibers. Moreover, detailed 

cellular mechanisms of regulated endosomal trafficking are largely unexplored in any 

context of differentiated muscle, where the highly specialized myofiber organization 

presents unique challenges to study. Through observation of T-tubule and endosomal 

membrane in live IOMs during the disassembly window, I was able to show a 

correlation in the timing between regulated T-tubule disassembly and endosomal 

events. By testing dynamin-depleted conditions that prevent T-tubule disassembly, I 

was able to show a direct relationship between T-tubule membrane disassembly and 

the transient wave of endosomal trafficking. This supports that T-tubule membrane, at 

least in part, is directed into an endosomal pathway. The significance of the 

disassembly process – whereby T-tubule-derived membrane maturates into endosomes 

– is seen when disruption of this maturation process also blocks the ability of the 

myofiber to regrow and reassemble T-tubules (e.g., Rab35 RNAi). 

During the disassembly window, I observed an increasing number of large 
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vesicles with early endosomal identity from 15h-18h APF (Figure 2). My data shows 

that that distinct, relatively large early endosomal compartments were labeled by T-

tubule markers, and that this endosomal wave does not occur in the absence of T-

tubule disassembly (Figure 5). During a subsequent time window from 18h-20h APF, 

I observed the appearance of many large late endosomes (Figure 2). Furthermore, 

RNAi of genes with endosomal functions, Vps34 and Rab7, resulted in accumulation 

of membrane vesicles that retained T-tubule membrane identity (Figures 4 and 7). 

Taken together, these results suggest that after scission from the plasma membrane, T-

tubules enter and progress along the endosomal pathway, possibly destined for 

degradation in the lysosome (Diagram 2).  

One limitation to my current method, however, is that all the T-tubule markers 

I use (PI(4,5)P2, gpi, Dlg) also mark the plasma membrane that is not within the 

tabulated domains. This could potentially lead to overestimation of T-tubule 

membrane contribution to the observed endosomal events. Future experiments 

involving T-tubule-specific markers (junctophilin is a promising candidate) would 

strengthen the current model.  

 

The tubular lysosome network reforms and expands during the disassembly window 

As T-tubules disassemble, I also observed the reappearance of a tubular 

lysosome network marked by Stx17 (Figure 6). Although this network had been 

observed in both larval body wall muscle and in 1 day APF IOMs, I show here for the 

first time that the larval and pupal networks are not the same structures, and that the 
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pupal network is reformed de novo during the T-tubule disassembly window (Johnson 

et. al, 2015; Fujita, unpublished data; Figure 6).   

Furthermore, my results show that the formation of this tubular lysosome 

network is concomitant with T-tubule disassembly and is dynamin-dependent (Figure 

6). These results present the possibility that disassembled T-tubule membrane is the 

membrane source for the expanding tubular lysosome network, although this 

hypothesis requires further testing. Delivery of disassembled T-tubule membrane to 

the tubular lysosomes could occur by endosomal membrane fusion with several 

functions. One possibility is that membrane delivered to tubular lysosomes ultimately 

is internalized for degradation, analogous to multivesicular body formation. Stx17-

marked membrane rings have been observed inside the vacuolar bodies of the tubular 

lysosomes (Fujita, unpublished data) as the lysosomal network shrinks over IOM 

remodeling. Alternatively, membrane delivered to the tubular lysosomes could 

ultimately be redirected to the plasma membrane for secretion or to contribute to 

reassembly of the T-tubule network (Tardieux et. al, 1992). Further testing is required 

to address roles and mechanisms for tubular lysosome formation. 

 

Rab2 and Rab35 are required for endosomal progression of T-tubule membrane 

Our laboratory previously discovered that Rab2 and Rab35 depletion lead to a 

defect in the T-tubule network in IOMs at 4 days APF with abnormal myofiber 

organization and central membrane accumulations noted as early as 1 day APF (Fujita 

et. al, 2017). However, it was not known whether these genes played specific roles 
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during the T-tubule disassembly process.  

Both Rab2 and Rab35 RNAi IOMs exhibited defective endosomal progression 

during the disassembly window, although in slightly different ways. I observed that 

both Rab2 and Rab35 RNAi IOMs accumulated large, PI(4,5)P2-positive vesicles and 

Rab5-positive early endosomes as early as 18h APF. These are likely T-tubule-

derived, since they were not present in IOMs at 12h APF prior to normal T-tubule 

disassembly (Figures 7-10). While Rab2 RNAi resulted in an accumulation of large 

PI(3)P compartments (presumably the same compartments as the early endosomes), 

Rab35 RNAi showed little to no PI(3)P-marked membranes (Figures 8 and 10). 

Rab35 in other contexts has been implicated in recruitment of the OCRL 

PI(4,5)P2 phosphatase (Cauvin et. al, 2016). This Rab35 function could explain the 

absence of PI(4,5)P2 turnover and PI(3)P generation at T-tubule-derived endosomes. 

Interestingly, this Rab35 function in endocytic vesicle maturation was shown to be 

required in clathrin-mediated endocytosis, raising the question whether there is a role 

for clathrin and and canonical clathrin mediated endocytosis pathway in T-tubule 

disassembly (Cauvin et. al, 2016). Furthermore, I observed Rab35 localization to T-

tubules and early T-tubule-derived endosomal vesicles (Fujita unpublished data; 

Figure 11). This observation strongly suggests that Rab35 is responsible for mediating 

T-tubule membrane fate in steps directly following T-tubule vesiculation and scission. 

Although the IOM Rab35 loss of function phenotype corroborates known 

Rab35 roles, there is less precedence for deciphering Rab2 loss of function 

phenotypes. Rab2 has been implicated in Golgi trafficking and autophagosome-
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lysosome fusion (Tisdale and Balch, 1996; Fujita et. al, 2017). Neither function, 

however, explains by traditional mechanisms either the PI(4,5)P2 accumulation or 

endosomal block observed with Rab2 depletion. However, Rab2 RNAi shares 

identical T-tubule disassembly and endosomal phenotypes with Rab7 and Vamp7/8 

loss of function (Figures 7 and 8), in addition to those already demonstrated for shared 

roles in autophagosome-lysosome fusion (Fujita et. al, 2017). I speculate that Rab2 

and Rab7 participate in a unique HOPS- and SNARE-mediated membrane tethering 

and fusion step required for clearance of PI(4,5)P2 membrane vesicles and endosomal 

maturation (Figure 7). The precise mechanism, however, is yet to be identified.  

 

Sbf is required for endosomal progression of T-tubule membrane 

 My results also demonstrate a requirement for Sbf (MTMR13) in proper 

endosomal progression of T-tubule membrane after scission. Sbf has been implicated 

in endosomal PI(3)P turnover and Rab21 activation, and previous results from our 

laboratory showed that Sbf loss of function exhibits a T-tubule defect reminiscent of 

that seen with Rab35 RNAi at 4 days APF (Fujita, unpublished data). Additionally, 

Sbf was found to interact in vitro with Rab35-GTP (Gillingham et. al, 2014). These 

results highly suggest that Sbf is involved in the endosomal pathway that T-tubules 

enter during the disassembly window.  

Supporting this idea, I observed that IOMs with Sbf RNAi accumulate both 

large PI(4,5)P2-marked endosomes and early endosomes during the disassembly 

window, similar to Rab2 and Rab35 RNAi conditions (Figure 12). The known role for 
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Sbf in PI(3)P turnover at endosomes (as investigated in fly macrophages, Jean et. al, 

2012) could explain the accumulation of early endosomes with Sbf depletion IOMs, 

however, an accumulation of PI(4,5)P2 –marked endosomes was unexpected. One 

possible explanation for the PI(4,5)P2 –marked endosomes is that Sbf regulates 

Rab35-GTP activity, which in turn, was shown to recruit OCRL (Cauvin et. al, 2016). 

Supporting this hypothesis, my results showed that Sbf and Rab35 colocalize on T-

tubules and on T-tubule-derived vesicles, and that Sbf and Rab35 possibly bind in vivo 

(Figure 12). Importantly, Sbf and Rab35 loss of function conditions disrupted the 

normal pattern of Rab35 and Sbf protein accumulation, respectively (however, it is 

possible that overexpression of either mCherry:Sbf or YFP:Rab35 could have affected 

RNAi phenotypes, and further testing is required to rule out this possibility). 

Currently, the precise interaction between these genes is yet undetermined.  

 

Autophagy is upregulated during the disassembly window  

 Our laboratory previously discovered that autophagy is required for 

reassembling the T-tubule network in IOMs at 4 days APF (Fujita et. al, 2017). We 

also found mutants lacking either autophagy induction or autophagosome clearance 

accumulate abnormal membrane in IOMs as early as 1 day APF (Fujita et. al, 2017). 

Whether autophagy is required for T-tubule disassembly prior to 1 day APF, however, 

was unclear.  

Here, I show that autophagy is highly upregulated during the disassembly 

window, at the same time that T-tubules are being disassembled and undergoing 
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endosomal progression (Figure 14). Autophagy often intersects with the endosomal 

pathway, and Vps34, Rab2, and Rab7—whose RNAi T-tubule defects I attributed to 

endosomal functions—have distinct dual roles in autophagy (Kihara et. al, 2001; Jäger 

et. al, 2004; Patel et. al, 2013). It is therefore likely that an interplay between the 

autophagy and the endosomal pathway is responsible for proper clearance of T-tubule 

membrane following disassembly.  

The coincident timing of the autophagic wave suggests either that autophagy is 

required for proper T-tubule disassembly and membrane destination, or that autophagy 

is a downstream effect of T-tubule disassembly. Since Atg1–depleted IOMs 

accumulated abnormal membrane whirls with incomplete T-tubule disassembly at 18h 

APF, and not before, it is possible that processing of T-tubule membrane requires 

either canonical or noncanonical use of all or some autophagy machinery (Figure 14). 

Another hypothesis is that T-tubule membrane provides the membrane source for 

autophagosomes, and that in the absence of autophagy induction, excess membrane is 

stored as these whirls. This, however, is unlikely, since Rab2 RNAi IOMs, which 

appear to arrest T-tubule-derived endosomes in the early endosome stage, accumulates 

autophagosomes (Figure 14). The precise connection between autophagy and T-tubule 

disassembly is yet unconfirmed and requires further testing.  

 

Rab2, Rab7, and Rab35 RNAi result in defective adult mobility 

 An important question in studying T-tubule dynamics in IOMs is whether a 

similar system as that which remodels T-tubules in IOMs exists in adult muscles to 
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preserve T-tubule organization through aging, usage, and disease. In this study, I 

discovered that Rab2, Rab7, and Rab35 RNAi flies all show significantly declined 

flight ability over time compared to wildtype (Figure 15). This result shows that Rab2, 

Rab7, and Rab35 are important for maintenance of adult muscle function, but further 

testing is required to determine whether T-tubules in these adult muscles are 

compromised by these mutations.  

 

In conclusion, this study provides insight into mechanisms of T-tubule 

disassembly and the subsequent fate of the T-tubule membrane. I have also identified 

novel factors involved in endosomal progression, and identified their significance in 

T-tubule remodeling. Future studies need to determine the precise roles of Rab2, 

Rab35, and Sbf in the endosomal pathway, and the relationship between autophagy 

and T-tubule membrane fate. Additionally, testing whether T-tubule organization in 

adult flight muscles require similar endosomal genes will provide great insight into T-

tubule dynamics in various muscle types. Ultimately, this research will help elucidate 

the mechanisms behind T-tubule disease phenotypes, with relevance to human 

myopathies and cardiomyopathies.    
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Diagram 2: Working model of T-tubule disassembly by endolysosomal pathway. T-tubules 
disassemble via dynamin-mediated scission (~15-18h APF), leading to membrane vesiculation, 
subsequent endosomal maturation (~18-20h APF) and eventual expansion of tubular lysosomes (~20-
24h APF). While the ultimate fate of the disassembled T-tubule membrane is yet unknown, mutations 
that block each of these steps in the disassembly window also block further progression in IOM 
membrane remodeling and the ability to reform T-tubules at by 4d APF.   
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Materials and Methods 

 

Drosophila strains 

All flies used in experiments were raised at 25°C constant, except for shibire 

RNAi experiments, which were raised at 22°C constant. For muscle-specific 

expression of UAS transgenes, DMef2-GAL4 was used. For all control and wildtype 

samples, UAS-LacZ was used. Stocks used include: (1) w; UAS-LacZ (Bloomington 

stock 1777), (2) w, Dlg1:GFP (Genetrap); DMef2-GAL4 (Bloomington stock 50859) 

(3) w; UAS-Dcr2; DMef2-GAL4, UAS-TubbyPH:GFP (from N. Fujita), (4) w; UAS-

Dcr2; DMef2-GAL4, UAS-GFP:gpi (from S. Eaton), (5) w; UAS-Dcr2; DMef2-GAL4, 

UAS-GFP:2xFYVE/TM6C Sb Tb (from I. Ribeiro), (6) w; UAS-YFP:Rab5; DMef2-

GAL4 (Bloomington stock 9774), (7) w; UAS-GFP:Rab7/CyO; DMef2-GAL4, UAS-

Dcr2 (from N. Fujita), (8) w; UAS-mCherry:2xFYVE-Hrs (from I. Ribeiro), (9) w; 

UAS-IR shi/CyO (VDRC stock 105971), (10) w; UAS-IR Rab7/TM3 Sb (VDRC stock 

40338), (11) w; UAS-IR Vps34/CyO (VDRC stock 100296), (12) w; UAS-Dcr2/CyO; 

DMef2-GAL4, UAS-GFP:Stx17/TM6C Sb Tb (from N. Fujita), (13) w; UAS-IR 

Rab2/TM3, Sb (VDRC stock 34767), (14) w; UAS-IR Vamp7_8 (NIG-Fly 1599R-1), 

(15) w; UAS-IR Rab35 (VDRC stock 101361), (16) w; UAS-IR Rab35 (Bloomington 

stock 28342), (17) w; UAS-YFP:Rab35; DMef2-GAL4 (Bloomington stock 9821), 

(18) w; UAS-IR Sbf (VDRC stock 22317), (19) w; UAS-mCherry:Sbf/CyO; Dr/TM6 

Sb Tb (S. Jean), (20) w; UAS-YFP:Rab35[S22N]; DMef2-GAL4 (Bloomington stock 

9819), (21) w; UAS-YFP:Rab35[Q67L]; DMef2-GAL4 (Bloomington 9817), (22) w; 
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DMef2-GAL4,UAS-PX-p40:GFP/TM Sb Tb (from I. Ribeiro), (23) w; UAS-

GFP:Atg8a; DMef2-GAL4, UAS-Dcr2/TM6C Sb Tb (from N. Fujita), (24) w; UAS-

mCD8:GFP; DMef2-GAL4, UAS-Dcr2/TM6C Sb Tb (from N. Fujita), (25) w; IR Atg1 

(from G.C. Chen) 

 

Live fluorescence imaging  

 All images of were taken on a Zeiss LSM 700 microscope with a 40x oil/1.3 

NA Plan Apochromatic objective. Image acquisition software used was Zen (Carl 

Zeiss Microscopy). Images were adjusted in Adobe Photoshop and Microsoft 

Powerpoint, and image analysis was performed through ImageJ (imagej.nih.gov).   

 

Preparation of larval body wall muscle fillets 

 Third instar larvae were collected from medium and staged visually by their 

larger size and robust mobility. Larvae were washed in 1x PBS (137mM NaCl, 2.7mM 

KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.4), and pinned ventral side up to a 

silicon-coated dish with dissection buffer (5mM HEPES, 128 mM NaCl, 2mM KCl, 4 

mM MgCl2, 36 mM sucrose, pH 7.2). The larva was filleted with a lateral incision 

around the abdomen and a longitudinal incision along the entire body. The body wall 

was pinned to the dish, and intestines and trachea were removed by hand with forceps. 

Larval fillets were then mounted and imaged through the opened side.   
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Staging of pupae 

 At time of initial observation of white puparium formation, individual animals 

were marked and assigned with age of 0 hours APF. All staging was performed 

visually. Criteria for white puparium were cessation of wriggling movement, white 

body color, smooth body sides, and eversion of anterior spiracles.  

 

Preparation of pupae for live imaging 

 Individual pupae were collected and gently removed from the pupal casing. 1-3 

intact animals were then placed ventral side down on a single microscope slide 

adjacent to each other. A thick layer of mounting grease (Dow Corning high vacuum 

grease) was placed in a ring surrounding the samples to seal in the slide cover. As 

mounting medium, 2-3µL of 1x PBS was placed on a 1.5mm thick coverglass, which 

was then placed over the samples, buffer side down. Gentle pressure was applied to 

the slide cover until dorsal side of sample(s) were flat and in full contact with the slide 

cover. Samples were then imaged through the dorsal side.  

 

Quantification of T-tubules in IOMs 

 IOM images were loaded onto ImageJ, and brightness and contrast were 

adjusted for optimum visibility of T-tubules. An intensity threshold was set (not 

affected by brightness/contrast adjustments) with bounds determined manually to 

maximally include T-tubules but exclude the brighter plasma membrane and 

inclusions. The percent area of regions within the threshold was collected and 
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normalized over area of entire IOM (delineated manually and measured by ImageJ).  

 

Colocalization analysis 

 IOM images were loaded onto ImageJ, and regions of interest were delineated 

manually. Colocalization threshold test (imagej.net) was used to obtain thresholded 

Mander’s split coefficient for each channel, which were averaged to determine 

colocalization coefficient. 

 

Quantification of large rings in IOMs 

 IOM images were loaded onto ImageJ, and brightness and contrast were 

adjusted for optimum visibility of inclusions. An intensity threshold automatically 

determined by ImageJ was set, as well as a threshold of ³ 2µm2 and ³ 0.25 roundness 

(roundness=1 represents perfect circle) for all objects. Number of objects that match 

criteria were counted and normalized over IOM area (delineated manually and 

measured by ImageJ). 

 

Quantification of autophagosomes in IOMs 

 IOM images were loaded onto ImageJ, and brightness and contrast were 

adjusted for optimum visibility of Atg8 punctae. Large, regular-shaped punctae were 

scored visually and counted manually. Number of punctae was normalized over IOM 

area (delineated manually and measured by ImageJ).  

 



 

 

62 

Coimmunoprecipitation  

 Fifteen 3rd instar larvae were collected for each condition. Larvae were staged 

visually for their larger size and robust mobility. Larvae were washed in 1x PBS, and 

pinned ventral side up to a silicon-coated petri dish. A lateral incision was made across 

the abdomen and a longitudinal incision along the whole larva, and intestines and 

trachea were removed by hand using forceps. Carcasses were permeabilized in cold 

CoIP buffer (25mM Tris-HCl, 1mM EDTA, 0.1mM EGTA, 5mM MgCl2, 150mM 

NaCl, 10% glycerol,) with 1% NP-40, and emulsified manually using a pestle. 

Samples were incubated for 20 minutes at 4°C then centrifuged to remove insoluble 

lipids and cuticles. Samples were treated with agarose GFP-trap beads (Chromotek), 

following product protocol (chromotek.com).  

 

Western blot 

 Entire co-IP samples were subjected to SDS-PAGE and transferred to 

polyvinylidene difluoride (PVDF) membranes. Membranes were cut and separated by 

molecular weight and blocked overnight in 5% skim milk. Membranes were treated 

overnight at 4°C with primary antibodies anti-myc (Myc-Tag Mouse mAb, Cell 

signaling technology) and anti-GFP (DSHB-GFP-12A6) diluted 5000x and 100x, 

respectively. Membranes were washed 4 times with 1x PBST then incubated with 

HRP-conjugated secondary antibodies (goat anti-mouse IgG HRP:sc-2005, Santa Cruz 

Biotechnology) for 1 hour at room temperature. ECL detection was used (Thermo-

Fisher), and images obtained via chemi-gel doc (Bio-Rad).  
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Flight assay 

 All flies were tested at least 24 hours after exposure to CO2. Vials of flies were 

inverted and tapped 3 inches above a 5L Erlenmeyer flask, and flies found at the 

bottom of the flask were determined flightless.  

 

Eclosion assay 

 Two males and 5-10 females were collected for each cross condition and were 

flipped every 24 hours for 5 days to minimize age variance within each cohort. 

Number of pupae were counted each day, and number of adult flies counted as they 

eclosed, and normalized over number of pupae in vial.   
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