
 

 
 

Complex cell shape: Molecular mechanisms 
of tracheal terminal cell development in 

Drosophila melanogaster 
 
 
 
 
 
 
 
 
 
 
 
 

Sara Sigurbjörnsdóttir 

 
 
 
 

Faculty of Life and Environmental 
Sciences 

University of Iceland 
2015 





 
 
 

Complex cell shape: Molecular mechanisms 
of tracheal terminal cell development in 

Drosophila melanogaster 
 
 
 

Sara Sigurbjörnsdóttir 
 
 

 
Dissertation submitted in partial fulfillment of a 

Philosophiae Doctor degree in Biology 
 
 
 
 
 

Advisor 
Maria Leptin 

 
 

PhD Committee 
Stefano De Renzis 

Arnar Pálsson 
Marko Kaksonen 

 
 

Opponents 
Stefan Luschnig 

Þórarinn Guðjónsson 
 
 
 

 
 

 
Faculty of Life and Environmental Sciences  
School of Engineering and Natural Sciences 

University of Iceland 
Reykjavik, January 2015 



  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Complex cell shape: Molecular mechanisms of tracheal terminal cell development in 
Drosophila melanogaster 
Molecular mechanisms of terminal cell morphology 
Dissertation submitted in partial fulfillment of a Philosophiae Doctor degree in Biology 
 
Copyright © 2015 Sara Sigurbjörnsdóttir 
All rights reserved 
 
Faculty of Life and Environmental Sciences 
School of Engineering and Natural Sciences 
University of Iceland 
Askja, Sturlugötu 
101, Reykjavik 
Iceland 
 
Telephone: +354 525 4000 
 
 
 
Bibliographic information: 
Sara Sigurbjörnsdóttir, 2015, Complex cell shape: Molecular mechanisms of tracheal 
terminal cell development in Drosophila melanogaster, PhD dissertation, Faculty of Life 
and Environmental Sciences, University of Iceland, 150 pp. 
 
ISBN 978-9935-9214-6-8 
 
Printing: Háskólaprent 
Reykjavik, Iceland, January 2015 
 





 

Abstract 
Drosophila larval tracheal terminal cells are highly branched cells with subcellular tubes 
for gas transport running through their branches. As they grow rapidly over a few days 
they produce a large quantity of membrane for delivery to both the outer plasma membrane 
and the plasma membrane making up the subcellular tube.  

We have found that two proteins involved in membrane vesicle trafficking, Rab8 and 
tango1, first identified in a small-scale RNAi screen and a MARCM screen, play important 
roles in terminal cell development. The depletion of Rab8, a small GTPase involved in 
trans-Golgi network-to-plasma membrane trafficking, results in reduced number of 
branching points and abnormal tube morphology as a result of reduced membrane delivery 
to the basolateral membrane. The depletion of Tango1, a transmembrane protein required 
for the loading of collagen into vesicles at the endoplasmic reticulum exit sites, in terminal 
cells results in reduced number of branching points, as well as defective luminal air-filling 
in a collagen-independent manner. Additionally, we show that Drosophila Tango1 is 
required for the delivery of multiple transmembrane and secreted proteins from the ER, 
suggesting a more general role for Drosophila Tango1 in trafficking of molecules from ER 
to Golgi than its mammalian counterpart.  

For the discovery of genes involved in terminal cell development a quantitative evaluation 
of defects is important. Therefore, we designed an unbiased quantitative scheme analyzing 
cellular morphology of terminal cells using imaging and automated quantification. An 
unbiased quantitative approach allows for comparison of wild type and genetically 
modified terminal cells. As many genes identified in terminal cell development are 
conserved in mammals, these studies can shed a light on analogous pathways. 

 





 

Útdráttur 
Loftæðakerfi ávaxtaflugunnar kemur í stað lungna en það er net pípa sem bera súrefni til 
vefjanna. Á endum loftæðanetsins eru holar endafrumur sem eru í beinni snertingu við 
aðrar frumur sem þarfnast súrefnis. Endafrumur eru mjög greinóttar og í hverri grein er 
pípa, eða loftæð, sem er umlukin skautaðri frumuhimnu. Á lirfustiginu er vöxtur 
endafrumnanna ör og er þá aukin þörf á prótein- og himnuflutningi til bæði ytri 
frumuhimnunnar og innri pípuhimnunnar.  

Við höfum uppgötvað tvö prótein, Rab8 og Tango1, sem eru nauðsynleg fyrir myndun 
greinóttrar frumugerðar endafrumunnar. Rab8 er GTPasi sem talinn er flytja frumuhimnu 
og seytiprótein frá Golgi-kerfinu til beggja skauta frumuhimnunnar. Rab8 er nauðsynlegt 
fyrir myndun greina og mótun loftæðarinnar í endafrumum. Gögn okkar benda til að Rab8 
gegni mikilvægu hlutverki í himnuflutning til ytri frumuhimnunnar. Tango1 er 
himnuprótein sem hleður stórum kollagen sameindum í seytibólur sem eru á leið frá 
frymisneti til Golgi-kerfis. Til þessa hefur Tango1 einungis verið tengt við flutning á 
kollageni. Við sýnum fram á að Tango1 spili áður óþekkt hlutverk í flutningi margvíslegra 
himnu- og seytiprótein frá frymisneti til Golgi-kerfis próteina í endafrumum og fitufrumum 
ávaxtaflugunnnnar.  

Við uppgötvun gena er tengjast þroskun loftæðanna er nauðsynlegt að framkvæma 
nákvæman samanburð á erfðabreyttum frumum og villigerð. Því höfum við hannað 
aðferðarlýsingu sem byggist á því mæla ýmsa þætti er viðkoma lögun frumunnar. Fjöldi 
þekktra gena sem taka þátt þroskun loftæðanna eiga mörg hver sér hliðstæðu í spendýrum. 
Því geta rannsóknir sem þessar mögulega veitt innsýn í virkni sambærilegra ferla í 
spendýrum og orsakir hinna ýmsu sjúkdóma. 

 





ix 

Table of Contents 
Abstract ................................................................................................................................. v	  

List of Papers .................................................................................................................... xiii	  

List of Figures ..................................................................................................................... xv	  

List of Tables ................................................................................................................... xvii	  

Acknowledgements ............................................................................................................ xix	  

1	   Introduction ..................................................................................................................... 1	  
1.1	   De novo lumen formation ......................................................................................... 1	  
1.2	   Intracellular vesicular trafficking ............................................................................. 2	  

1.2.1	   The early secretory pathway ........................................................................... 3	  
1.2.2	   The late secretory pathway ............................................................................. 4	  
1.2.3	   Polarized trafficking in epithelia .................................................................... 5	  

1.3	   De novo lumen formation in the Drosophila tracheal terminal cell ......................... 6	  
1.4	   Tango1 ...................................................................................................................... 8	  
1.5	   Rab8, a small GTPase involved in vesicular trafficking .......................................... 9	  

1.5.1	   Rabs are master regulators of vesicular trafficking ........................................ 9	  
1.5.2	   Rab8 plays a role in secretory trafficking from the Golgi to plasma 

membrane in mammals ................................................................................. 11	  
1.5.3	   Rab8 regulates cell shape and polarity initiation .......................................... 13	  
1.5.4	   Rab8 in endocytic recycling ......................................................................... 13	  

1.6	   Study aims .............................................................................................................. 15	  
1.7	   Declaration of contribution ..................................................................................... 15	  

2	   Tango1 has a collagen-independent role in cell morphology .................................... 17	  
2.1	   Abstract .................................................................................................................. 17	  
2.2	   Introduction ............................................................................................................ 17	  
2.3	   Materials and Methods ........................................................................................... 18	  

2.3.1	   Fly stocks ...................................................................................................... 18	  
2.3.2	   Whole mount sample preparation and microscopy ...................................... 19	  
2.3.3	   Immunofluorescence staining ....................................................................... 19	  
2.3.4	   Western blotting ........................................................................................... 19	  
2.3.5	   Quantitative analyses of branching and air-filling ....................................... 20	  
2.3.6	   Quantification of Collagen surrounding terminal cells ................................ 20	  

2.4	   Results .................................................................................................................... 20	  
2.4.1	   Identification of the 2L3443 mutation .......................................................... 20	  
2.4.2	   The 2L3443 mutation is in a gene called tango1 ......................................... 22	  
2.4.3	   The 2L3443 mutation causes a truncation in the Tango1 protein ................ 23	  
2.4.4	   The Tango1 C-terminus and Sec16 are required for Tango1 

localization at the ERES ............................................................................... 24	  
2.4.5	   The tango12L3443/2L3443 allele is not a complete loss of function allele. ........ 26	  



x 

2.4.6	   The role of Tango1 in collagen trafficking in terminal cells ........................ 28	  
2.4.7	   Tango1 is required for Golgi organization ................................................... 30	  
2.4.8	   Tango1 overexpression affects ER distribution ........................................... 31	  
2.4.9	   Tango1 is required for general protein delivery ........................................... 32	  
2.4.10	   The apical localization of Piopio depends on Tango1 ................................. 36	  

2.5	   Discussion .............................................................................................................. 39	  
2.5.1	   Tango1 localization to ERES ....................................................................... 39	  
2.5.2	   Drosophila Tango1 has a more general role in protein trafficking than 

mammalian TANGO1 .................................................................................. 39	  
2.5.3	   ER and Golgi morphology affected by Tango1 levels ................................. 40	  
2.5.4	   tango12L3443 terminal cells have defective luminal clearance ....................... 40	  

Acknowledgements ......................................................................................................... 41	  
Author contributions ....................................................................................................... 41	  
2.6	   Supplementary figures ............................................................................................ 42	  

2.6.1	   Testing the efficiency of tango1-RNAi knockdown .................................... 42	  
2.6.2	   Testing the efficiency of piopio-RNAi knockdown ..................................... 43	  

3	   The role of Rab8 in Drosophila tracheal terminal cell development ........................ 45	  
3.1	   Abstract .................................................................................................................. 45	  
3.2	   Introduction ............................................................................................................ 45	  
3.3	   Materials and Methods ........................................................................................... 46	  

3.3.1	   Fly stocks ...................................................................................................... 46	  
3.3.2	   Immunohistochemistry ................................................................................. 47	  
3.3.3	   Colocalization analysis ................................................................................. 47	  
3.3.4	   Quantitative analyses of branching and air-filling ....................................... 47	  
3.3.5	   Quantitative analysis of integrin ratio .......................................................... 48	  

3.4	   Results .................................................................................................................... 48	  
3.4.1	   Subcellular localization of Rab8 in terminal cells ........................................ 48	  
3.4.2	   Active Rab8 colocalizes with Rab11 ............................................................ 51	  
3.4.3	   Rab8 is required for tracheal terminal cell development ............................. 53	  
3.4.4	   Rab8 is required for the localization of apical and basolateral proteins. ..... 54	  
3.4.5	   Does of Rab8 deletion resemble the depletion of the integrin-

associated molecule talin? ............................................................................ 56	  
3.4.6	   Rab8 might be involved in regulating membrane delivery .......................... 58	  

3.5	   Rab8 discussion ...................................................................................................... 58	  
3.5.1	   Rab8 plays a role in endocytic recycling in terminal cells ........................... 58	  
3.5.2	   Factors required for Rab8 localization on exocytic vesicles ........................ 59	  
3.5.3	   Rab8 depletion does not affect branch stabilization ..................................... 59	  
3.5.4	   Vesicular delivery is required for terminal cell morphology ....................... 60	  

Acknowledgements ......................................................................................................... 60	  
Author contributions ....................................................................................................... 61	  
3.6	   Supplementary figures ............................................................................................ 61	  

3.6.1	   Testing the specificity of the Rab8 antibody in Drosophila and 
efficiency of Rab8-RNAi knockdown .......................................................... 61	  

4	   Phenotypic characterization of Drosophila larval terminal cells .............................. 63	  
4.1	   Abstract .................................................................................................................. 63	  
4.2	   Introduction ............................................................................................................ 63	  
4.3	   Materials and Methods ........................................................................................... 65	  



xi 

4.3.1	   Fly stocks ...................................................................................................... 65	  
4.3.2	   RNA interference .......................................................................................... 65	  
4.3.3	   Sample preparation and microscopy ............................................................ 65	  
4.3.4	   Image processing and network segmentation ............................................... 66	  
4.3.5	   Quantitative analyses of measurable traits ................................................... 67	  
4.3.6	   Statistical analysis ........................................................................................ 67	  

4.4	   Results .................................................................................................................... 68	  
4.4.1	   Experimental setup ....................................................................................... 68	  
4.4.2	   Quantitative aspects of terminal cell morphology ........................................ 72	  
4.4.3	   Cellular branching traits behave differentially ............................................. 74	  
4.4.4	   Are terminal cells of different sides and segments alike? ............................ 75	  
4.4.5	   Impact of temperature and genotypic background on cellular 

branching traits ............................................................................................. 76	  
4.4.6	   Impact of temperature and genotypic background on cellular 

branching traits ............................................................................................. 78	  
4.5	   Conclusion .............................................................................................................. 79	  
Acknowledgements ......................................................................................................... 80	  
Author contributions ........................................................................................................ 81	  
Supplementary tables ...................................................................................................... 81	  

References ........................................................................................................................... 83	  

Paper I: Molecular mechanisms of de novo lumen formation ....................................... 93	  
Abstract ........................................................................................................................... 93	  
Introduction ..................................................................................................................... 93	  
Towards a unifying definition ......................................................................................... 94	  
Models of de novo lumen formation ............................................................................... 95	  

3D endothelial cell culture ....................................................................................... 95	  
MDCK 3D cell culture ............................................................................................. 95	  
Zebrafish vasculature ............................................................................................... 96	  
D. melanogaster tracheal cells ................................................................................. 96	  
C. elegans excretory cells ......................................................................................... 97	  

Steps in de novo lumen formation ................................................................................... 98	  
Lumen initiation ....................................................................................................... 98	  
Apical membrane growth ......................................................................................... 99	  
Maturation and stabilization of the lumen .............................................................. 102	  

Conclusion and perspectives ......................................................................................... 103	  
Display items ................................................................................................................. 104	  
References ..................................................................................................................... 111	  
Acknowledgements ....................................................................................................... 114	  
Competing interests statement ....................................................................................... 114	  

Appendix A ....................................................................................................................... 115	  

Appendix B ....................................................................................................................... 119	  
 





xiii 

List of Papers 
This thesis is based on the following paper and manuscripts: 

Manuscript I: Sigurbjörnsdóttir, S., Baer, M. M., JayaNandanan, N., Affolter, M. & 
Leptin, M. Tango1 has a collagen-independent role in cell morphology. 
Manuscript II: Sigurbjörnsdóttir, S., JayaNandanan, N. & Leptin, M. The role of Rab8 
in Drosophila tracheal terminal cell development. 
Manuscript III: Sigurbjörnsdóttir, S., Lasser J, Katifori, E, Guðbrandsson, J. & Leptin, 
M. Phenotypic characterization of Drosophila larval terminal cells. 
Paper I: Sigurbjörnsdóttir, S., Mathew, R., Leptin, M. Molecular mechanisms of de novo 
lumen formation. Nature Rev. Mol. Cell Biol. 15, 665-76 (2014).  





xv 

List of Figures 
Figure 1: De novo lumen formation. ...................................................................................... 2	  
Figure 2: De novo lumen formation in terminal cells. ........................................................... 7	  
Figure 3: Rab domains on endosomes. ................................................................................ 10	  
Figure 4: Role of Rabs in recycling. .................................................................................... 14	  
Figure 5: 2L3443 affects terminal cell branching and air-filling. ........................................ 21	  
Figure 6: Exogenous expression of Tango1 suppresses the air-filling and branching 

phenotypes in 2L3443 mutants. ......................................................................... 23	  
Figure 7: 2L3443 is a nonsense mutation resulting in a truncated Tango1 protein. ............ 24	  
Figure 8: C-terminal end is required for Tango1 to ERES. ................................................. 25	  
Figure 9: Tango1 localization to ERES depends on Sec16. ................................................. 26	  
Figure 10: Depletion of Tango1 in terminal cells. ............................................................... 27	  
Figure 11: The basement membrane of terminal cells is enriched in collagen. ................... 28	  
Figure 12: Collagen surrounding the terminal cell is provided by the fat body. ................. 29	  
Figure 13: Vkg is not required for terminal cell morphology. ............................................. 29	  
Figure 14: Tango1 is required for ER and Golgi juxtaposition. .......................................... 30	  
Figure 15: Overexpression of Tango1 affects ER morphology but not Golgi. .................... 32	  
Figure 16: COPII components affect terminal cell branching and air-filling. ..................... 33	  
Figure 17: Tango1 in the fat body is required for ManII localization to discrete 

puncta. ............................................................................................................... 34	  
Figure 18: Tango1 is required for the trafficking of Golgi markers. ................................... 35	  
Figure 19: Tango1 is required for general trafficking. ......................................................... 36	  
Figure 20: Piopio localization is affected in tango12L3443/2L344 mutant clones. .................... 37	  
Figure 21: Piopio is not required for terminal cell morphology. ......................................... 38	  
Figure 22: Rab8 antibody staining in Drosophila terminal cells. ........................................ 49	  
Figure 23: Slight colocalization of Rab8 with Golgi apparatus and nSyb. .......................... 49	  
Figure 24: Colocalization of Rab8 with Rab4, Rab11 and Rab3. ........................................ 50	  
Figure 25: Quantification of Rab8 colocalization with Rab4, Rab11 and Rab3. ................. 51	  
Figure 26: Tagged reporters of Rab8. .................................................................................. 52	  
Figure 27: Quantification of Rab8DN colocalization with Rab4, Rab11 and Rab3. ........... 52	  
Figure 28: Rab8 affects terminal cell morphology. ............................................................. 54	  
Figure 29: Expression of Rab8DN affects terminal cell morphology in a similar way 

as the Rab8-RNAi. ............................................................................................ 54	  
Figure 30: Rab8 is required for βPS-integrin localization at the outer membrane. ............. 55	  
Figure 31: Rab8 is required for Crumbs localization at the tube membrane. ...................... 56	  
Figure 32: Talin depletion affects branch stability. ............................................................. 57	  
Figure 33: Expression of Rab8CA affects terminal cell morphology. ................................. 58	  
Figure 34: Terminal cell network segmentation. ................................................................. 66	  
Figure 35: Terminal cells in third instar Drosophila larvae. ................................................ 69	  
Figure 36: Experimental setup. ............................................................................................ 70	  
Figure 37: Expression of gene specific RNAi affect terminal cell morphology. ................. 71	  
Figure 38: Quantification of control dorsal terminal cell. .................................................... 72	  
Figure 39: Quantification of dorsal terminal cells. .............................................................. 74	  
Figure 40: Cellular traits are affected to a similar degree. ................................................... 74	  



xvi 

Figure 41: Correlation between variables. ........................................................................... 75	  
Figure 42: Dorsal terminal cells of different segments. ....................................................... 75	  
Figure 43: Effect of experimental conditions on the number of branching points and 

network length within control cells. .................................................................. 76	  
Figure 44: Effect of experimental conditions on the number of branching points and 

network length within gene-specific RNAi. ..................................................... 77	  
Figure 45: Difference between WT and gene-specific RNAi on the number of 

branching points and length of network. ........................................................... 79	  
Figure 46: Four different mechanisms of de novo lumen formation. ................................ 106	  
Figure 47: De novo lumen formation in four experimental model systems. ..................... 108	  
Figure 48: The initiation step in de novo lumen formation. .............................................. 109	  
Figure 49: Mechanisms of apical membrane growth. ........................................................ 110	  
Supplementary figure 1: The expression of tango1-RNAi depletes endogenous 

Tango1. ............................................................................................................. 42	  
Supplementary figure 2: The expression of piopio-RNAi depletes endogenous 

Piopio. ............................................................................................................... 43	  
Supplementary figure 3: Rab8 antibody recognizes Drosophila Rab8. .............................. 61	  



xvii 

List of Tables 
Table 1: Drosophila Rabs and SNAREs. ............................................................................. 11	  
Table 2: Rab8 specific GEFs and GAPs. ............................................................................. 12      	  
Supplementary table 1: Terminal cells between segments are different. ............................. 81	  
Supplementary table 2: Effect of genotype and temperature on the number of 

branching points, network length and network area within WT and gene-
specific RNAi. ................................................................................................... 81	  

Supplementary table 3: Difference between WT and gene-specific RNAi for the 
number of branching points, network length and network area. ....................... 82	  

 





xix 

Acknowledgements 
I would like to begin by deeply thanking my supervisor, Maria Leptin, for giving me the 
opportunity to work in her lab and thereby allowing me to pursue a PhD abroad. I would 
like to thank her for encouraging my research and for allowing me to grow as a researcher. 
I learned a great deal by working in collaboration with other scientists as well as assuming 
increased independence. The members of the Leptin lab, both past and present, have been a 
great source for scientific ideas and advice and they were an essential part of making my 
stay at EMBL enjoyable and instructive.  

I thank my thesis advisory committee members, Arnar Pálsson, Stefano De Renzis and 
Marko Kaksonen, for their helpful advices and discussions. Special thanks go to Arnar 
Pálsson for his critical comments on the thesis and his help in communicating with the 
University of Iceland and sorting out the logistics of the thesis submission and defense. I 
would also like to thank Stefan Luschnig and Þórarinn Guðjónsson for being my thesis 
examiners. 

EMBL has provided a great platform for forming tight collaborations. I thank Yury 
Belyaev and Christian Tischer and other members of the advanced light microscopy 
facility (ALMF) for their help with sample preparation and imaging. I also gratefully 
acknowledge my collaborators outside of EMBL; Eleni Katifori and Jana Lasser for their 
knowledge on branched networks and computational skills; Vivek Malhotra and his lab 
members for providing my with the opportunity to visit their lab and sharing their 
knowledge on Tango1; Jóhannes Guðbrandsson for his expertise in statistical analysis and 
his patience in explaining it to me! 

Last but not least, I’m especially thankful for my family and friends for their patience, 
support and encouragement through out my PhD and in particular during the last months of 
thesis writing.  





 

1 

1 Introduction 
Many organs, including lung, kidney and blood vessels, are composed of branched tubular 
epithelial structures that allow the transport of gases or liquids. Different mechanisms are 
used to create tubes of different sizes and structures, depending on tissue and species. One 
common feature of these tubes is that they are formed in polarized cells where the apical 
membrane always faces the lumen. The mechanisms used for creating tubes rely on 
processes such as invagination, cell migration, cell rearrangements, cell fusion and cell 
shape changes (reviewed elsewhere1-3). Most of these mechanisms generate a lumen by 
enwrapping a preexisting external space or changing an existing one. In these mechanisms 
the apical membrane is already present and faces the external space prior to tube 
formation. A tube can also be created where no external space existed within a cell in a 
process called de novo lumen formation.  

The lumen of tracheal terminal cells in D. melanogaster is thought to form de novo, 
therefore this mechanism is of particular interest to me. The following chapters will 
address the general cell biology of de novo lumen formation and summarize the general 
secretory pathways that play a major role in this type of lumen formation. Afterwards, the 
de novo lumen formation will be discussed along with introducing two proteins that 
function in de novo lumen formation of terminal cells. 

1.1 De novo lumen formation 
De novo lumen can be created within a single cell or within a group of cells. Four different 
mechanisms for de novo lumen formation have been reported: cord hollowing, cell 
hollowing, cavitation and plasma membrane invagination (Figure 1). These mechanisms 
and the molecular requirements have recently been reviewed by us4.  
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Figure 1: De novo lumen formation. Lumen can form de novo by four different mechanisms. (A) In cord 
hollowing apical membrane initiation occurs at the cell contact site, subsequently vesicles fuse to this site 
forming a lumen. (B) In cell hollowing vesicles fuse within the cell creating an intracellular lumen. (C) In 
plasma membrane invagination the apical membrane extends into the cell due to the fusing of vesicles to the 
apical membrane. (D) In cavitation a lumen is formed when cells in the center of a group of cells are 
removed via apoptosis. Figure copied from Nature Rev. Mol. Cell Biol., 15, Sigurbjornsdottir, S., Mathew, R. 
& Leptin, M. Molecular mechanisms of de novo lumen formation, 665-76, Copyright Nature (2014)4. 

The first step in de novo lumen formation is to define the location of the lumen; 
subsequently the cell diverts its trafficking machinery to target vesicles to the lumen 
initiation site. The delivery of vesicles results in the formation of the lumen by providing 
membrane material and creating turgor pressure inside the lumen. Simultaneously, the 
cytoskeleton provides a scaffold for creating and maintaining an appropriate structure of 
the lumen.  

1.2 Intracellular vesicular trafficking 
As large quantities of proteins and membrane are required for the growth of the terminal 
cell and the formation of the subcellular lumen, it is important to understand the processes 
by which these molecules get delivered to their final destination. This chapter summarizes 
the general knowledge of the main routes membranes and proteins take on their way to the 
plasma membrane. Their travel initiates in the ER and progresses to the Golgi (early 
secretory pathway) from where they continue to plasma membrane (late secretory 
pathway). The delivery of material to two distinct membrane domains in rapidly growing 
polarized cells like terminal cells, a particularly challenging task, will also be discussed.  
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The intracellular vesicular trafficking is comprised of the biosynthetic-secretory and 
endocytic pathways, and its main function is to synthesize, transport, sort, deliver, and 
recycle proteins and lipids through vesicles. The combination of the two pathways is 
crucial for many aspects of cell physiology, such as normal growth and for the 
establishment and maintenance of polarized membranes5. 

The early secretory pathway is comprised of the trafficking of vesicles from the 
endoplasmic reticulum (ER), where new proteins are made, to the ER-Golgi intermediate 
compartment (ERGIC) and towards the Golgi complex. Afterwards, in the late secretory 
pathway, vesicles and proteins are sorted from the trans-Golgi Network (TGN), from 
where they enter to post-Golgi carriers6. The endocytic pathway removes plasma 
membrane and associated molecules from the plasma membrane and delivers them to the 
endosomes. From there, they can be recycled or sent for degradation in lysosomes. This 
uptake of material from the plasma membrane is essential to maintain the appropriate 
composition of the plasma membrane.  

Because of this complexity, intracellular vesicular trafficking involves many different 
transport vesicles and multiple membrane compartments. Fusion of vesicles to other 
vesicles or various membrane-bound compartments occurs at all steps of transport within 
the secretory system. Therefore, quality control of targeting, binding, docking and fusion is 
essential. Transport vesicles must be very selective in recognizing the appropriate target 
membrane where it will fuse. Specificity in targeting is accomplished because all transport 
vesicles carry specific surface markers that that identify them and target membrane have 
complementary that recognize the correct markers. This process depends on RabGTPases 
that direct the vesicle to the appropriate target membrane and soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor (SNARE) that mediate fusion 
(discussed in greater detail below).  

1.2.1 The early secretory pathway 

1.2.1.1. ER to Golgi trafficking 

As was mentioned above, the early secretory pathway includes the ER and the Golgi 
complex. The ER serves as the major factory for protein and lipid synthesis. The ER 
membrane being the site of production of all transmembrane proteins and lipids for the 
cell’s organelles such as the ER itself, the Golgi complex and plasma membrane. Most of 
proteins secreted to the exterior of the cell are produced in the ER. The ER is very dynamic 
in structure, comprising membrane sheets, tubules and cisternae and it is continuous with 
the nuclear envelope. The ER has distinct regions that are highly specialized. One of those 
is the ER exit sites (ERES). Once proteins have been synthesized and folded properly they 
must exit the ER and continue their journey towards their final destination. Proteins that 
are destined to leave the ER and travel to the Golgi complex or beyond are initially 
packaged into small COPII-coated vesicles at a specialized area in the ER, the ERES. The 
COPII coat consists of the Sar1-GTPase that mediates binding to the lipid bilayer, the inner 
coat proteins Sec23/24 and the out coat proteins Sec13/317. The process of COPII vesicular 
formation and budding has been studied in great detail and are well described in recent 
reviews8-10. Entry into the COPII coated vesicles is highly regulated and it is driven by the 
interaction between the cargo with components of the coat directly, with transmembrane 
receptors or adaptors that subsequently interact with the coat. One example of such 
transmembrane cargo receptor is ERGIC5311. ERGIC53 binds to mannose on its cargo and 
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escorts it into the COPII vesicle and accompanies it to the ERGIC. However, ER resident 
proteins that are not destined for transport to Golgi can also be transported by COPII 
vesicles, albeit much less efficiently.  

After the COPII coated vesicles have budded off the ERES, they shed their coat and begin 
to fuse with each other. The homotypic fusion of these vesicles forms the ERGIC, a short-
lived compartment that mediates trafficking between the ER and Golgi. The forward, or 
anterograde transport, moves the ERGIC to the cis-Golgi network. However, on its way it 
will send out transport vesicles back towards to the ER, so called retrograde transport. 
These vesicles are coated with COPI and carry cargo receptors and ER resident proteins 
back to ER. 

1.2.1.2. Intra Golgi trafficking 

The main function of the Golgi complex is to modify and sort proteins and lipids 
transported through it on their way to their final destination. In mammalian cells the Golgi 
is comprised of flat compartments, called cisternae, forming a Golgi stack. These stacks 
are connected by tubules, forming a single Golgi complex localized close to the nucleus. 
Golgi stacks are organized into three functional regions: the cis-, medial- and trans-Golgi 
stack. The cis-Golgi receives cargo from the ERES, whereas the trans-Golgi delivers 
vesicles to the TGN. Some organisms, including Drosophila, have multiple discrete Golgi 
stacks through out the cytoplasm juxtaposing ERES12, 13. Despite these morphological 
differences, all Golgi stacks appear to be polarized forming cis- to trans-Golgi.  

The question of how cargo transits through the Golgi is controversial and evidence 
supports two major models of vesicular transport or cisternal maturation14. According to 
the vesicular transport model, the proteins transit through the cisternae by transport 
vesicles from one cisterna to the other. A retrograde transport will deliver proteins back to 
the ER or preceding compartments. Although both forward and retrograde transport 
vesicles are thought to be COPI-coated, the vesicle might have distinct adaptor molecule 
coat in order to discriminate between the two. The cisternal maturation model assumes that 
the Golgi is a dynamic structure where the cisternae themselves move and mature on their 
way towards the TGN. The ERGIC compartment is though to mature into the cis-Golgi, 
then medial-Golgi and finally trans-Golgi. As all the enzymes and cargo proteins move 
forward with the cisternae, retrograde transport will deliver proteins back to the ER or 
preceding compartments in COPI-coated vesicles. The trans-Golgi then matures into the 
TGN that breaks down into smaller secretory vesicles.  

1.2.2 The late secretory pathway 

The late secretory pathway begins at the TGN. Several different types of vesicles have 
been observed to bud from the TGN. The TGN delivers vesicles to the endocytic 
compartments and the plasma membrane. Clathrin coated vesicles deliver lysosomal 
proteins to the early endosomes (EE). Proteins destined for lysosomes are marked with 
mannose 6-phosphate groups that are recognized by a mannose 6-phosphate receptor 
responsible for sorting lysosomal proteins into the transport vesicles. Proteins can also 
enter the endocytic compartments via endocytosis from the plasma membrane (discussed 
in more details in chapter 1.5.4). The retromer, a multiprotein complex, assembles in a coat 
on transport vesicles that retrieve transmembrane receptors, such as the mannose 6-
phosphate receptor from the endosomes back to the TGN15. 
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Transport vesicles destined for the plasma membrane normally leave the TGN in 
irregularly shaped vesicles or tubules destined directly to the plasma membrane or through 
endocytic compartments16, 17. The membrane proteins and lipids provide new material for 
the plasma membrane, whereas the soluble cargo proteins are secreted into the 
extracellular space. Delivery of proteins to the plasma membrane can occur by two 
different pathways, by regulated or constitutive secretion18. The constitutive secretion 
operates in all cells, where many soluble proteins are being continually secreted from the 
cell and providing the plasma membrane with newly synthesized proteins and lipids. The 
regulated secretory pathway occurs in specialized secretory cells. Selected proteins 
directed for secretion have unidentified signals that likely interact with adaptors that aid in 
the packaging of the cargo into secretory vesicles17, 19, 20. Constitutively secreted vesicles in 
non polarized cells deliver proteins directly to the cell surface, whereas polarized cells 
have to selectively direct the proteins either to apical or basolateral domains21. The sorting 
of membrane associated molecules and lipids to the different domains does not necessarily 
depend on targeted delivery to either domain. Alternatively, the membrane components 
could be delivered to both membrane domains in the cell but then stabilized in one and 
eliminated in others by endosomal recycling22, 23. It is likely that both targeted delivery and 
indirect delivery play a role in establishing and maintaining polarized membranes.  

Regulated exocytosis is not only required to deliver proteins to the plasma membrane but 
also to deliver more membrane in order to enlarge the cell surface when needed. An 
example of high demand for membrane delivery to the plasma membrane occurs during the 
cellularization of the Drosophila syncytium where about 6000 nuclei become surrounded 
with membrane in matters of tens of minutes through carefully orchestrated fusion of 
vesicles24. Under such conditions the cell might both upregulate its membrane-synthesizing 
pathways and also acquire membrane from internal-membrane sources through homotypic 
fusion of vesicles and exocytosis. 

In addition to the classical secretory trafficking, several different modes of unconventional 
secretion have been reported25-27. Amongst these is the atypical secretion of cytoplasmic 
proteins lacking signal sequence for ER entry, delivery of transmembrane proteins to the 
plasma membrane directly from the ER, bypassing Golgi and the direct transfer of material 
at specialized ER-plasma membrane contact sites.  

1.2.3 Polarized trafficking in epithelia 

Epithelial tissues consist of tightly packed polarized cells, which possess two distinctive 
plasma membrane regions separated by thigh junctions in vertebrates and septate junctions 
in invertebrates. These divisions, called the apical and basolateral domains, have different 
protein and lipid composition. The basolateral membrane is in contact with the 
extracellular matrix (basement membrane) and neighboring cells and the apical membrane 
faces the outside surface or internal cavities, serving as a barrier, and is often faced with 
great stress. Therefore, the apical membrane is often lined with a layer of protective 
surface, such as mucus in the gastrointestinal tract and chitin in the Drosophila tracheal 
system, usually secreted by the epithelial cells themselves.  

Establishment of polarity can vary between different epithelial tissues28. The initial step in 
polarization usually comes from neighboring cells or extracellular matrix through 
cadherins or integrins initiating downstream signaling cascades that in turn establish 
polarity29. Although we have some idea of the downstream players the entire molecular 
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components are not known. We know that signaling can induce changes in cytoskeletal 
organization and directional trafficking. In turn, this results in the polarized localization of 
apical polarity complexes, for instance Crumbs and Par, to the apical membrane and the 
basolateral complex Scribble to the basolateral membrane30. These polarity complexes 
guide the polarization process in an unknown manner.  

Many different pathways and components are involved in sorting material in polarized 
cells allowing for enhanced accuracy of sorting and delivery. This makes the study of 
polarized sorting hard to investigate as interfering with one route can result in different 
results than expected as cargo proteins can take alternative routes21. In spite of this, studies 
have identified multiple apical and basolateral signals that guide the routes in polarized 
sorting. Basolateral sorting signals are relatively well defined and usually are found on the 
cytoplasmic tail of cargo proteins. They are usually based on specific amino acid 
sequences such as the dileucine-based or tyrosine-based sorting signals, although other 
sorting signals exist and yet others remain to be found31-35. Adaptor proteins such as the 
adaptor protein 1B (AP-1B), are thought to recognize these signals and mediate cargo 
loading and vesicle formation although detailed mechanism remains to be identified36. 
Apical sorting signals are less well defined than basolateral sorting signals. However, there 
are a few well-studied apical localizing signals such as the glycosylphosphatidylinositol 
anchor and N- and O-linked protein glycosylation37-39. Apical sorting signals will direct 
newly synthesized proteins to the apical membrane whereas the basolateral sorting signals 
will direct them to the basolateral membrane. Interestingly, some apically localized 
proteins are delivered to the basolateral membrane first and then transported via the 
transcytotic pathway to the apical membrane based on basolateral sorting signals and 
transcytosis signals respectively40, 41.  

1.3 De novo lumen formation in the Drosophila 
tracheal terminal cell 

The Drosophila tracheal system has served as a useful model system to study the 
molecular mechanism of various tube forming processes. The tracheal system is a highly 
branched and interconnected network of single-layered epithelial tubes used for delivering 
oxygen to tissues. The tracheal system arises from ten clusters of roughly 80 ectodermal 
cells, called the tracheal placode, on either side of the embryo. The tracheal placode 
develops into an interconnected branched network of tubes by cell migration, intercalation 
and fusion. Then, approximately 1600 cells form multicellular, autocellular and subcellular 
tubes42.  
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Figure 2: De novo lumen formation in terminal cells. Terminal cells are connected to the preceding 
tracheal cells via circular adherens junctions (green). These junctions encircle a patch of apical membrane 
(red). Vesicles are delivered to this patch of apical membrane and thereby extending the lumen inward the 
cell in a process called plasma membrane invagination. Figure copied from Nature Rev. Mol. Cell Biol., 15, 
Sigurbjornsdottir, S., Mathew, R. & Leptin, M. Molecular mechanisms of de novo lumen formation, 665-76, 
Copyright Nature (2014)4. 

Multicellular and autocellular tubes formation is a developmentally preprogrammed event 
guided by fibroblast growth factor signaling, where the tubes are formed by enwrapping an 
existing space or by modifying an existing one. In contrast, the subcellular tubes are 
formed de novo. The terminal cells arise at the tips of the tracheal network, and function to 
deliver oxygen to tissues and individual cells. Although the terminal cells are formed at 
embryonic stages they go through extensive cell shape changes during larval stages. 
During their development, the cells ramify extensively to cover and support large area of 
tissue with air. They sprout branches with functional tubes in response to hypoxic signals 
from target tissues43. Terminal cells form long (up to 5 millimeter in total length) cellular 
extensions that carry subcellular tubes. The subcellular tube forms by plasma membrane 
invagination (Figure 2). The base of terminal cells connects to the preceding tracheal 
branches via circular adherens junctions. The adherens junctions surround a patch of apical 
membrane and it is this pre-existing apical membrane that is extended into the cell by the 
addition of membrane and proteins required for lumen formation. The addition of vesicles 
does not occur only at the growing tip of the lumen or at the base, but occurs along the 
entire length of the lumen44.  

Once the lumen is formed, it presumably goes through the same process of maturation as 
other tracheal tubes. The maturation process is divided into three molecularly distinct 
steps45. The first step is the expansion of the lumen and deposition of proteins required for 
the production of luminal matrix into the lumen by Sar1-mediated secretion. Once the 
matrix is formed the solid material is then cleared from the lumen by Rab5-mediated 
endocytosis. Finally the lumen is cleared of liquid material, in a manner not yet known. 
After the liquid has been cleared the lumen finally fills with air. Perturbing these pathways 
affects lumen morphology. Inhibition of COPII trafficking, as seen in Sar1, Sec 13, Sec23 
and Sec24 mutants, blocks secretion to the lumen resulting in narrow lumen and defective 
luminal matrix45-47. In contrast, the tube of Rab5 mutants has apparently normal diameter 
but the lumen has not matured fully as the lumen is still filled with proteins. 

This shows that vesicular trafficking plays a role at all stages of lumen formation. During 
the rapid growth of the terminal cell and the subcellular lumen it is clear that the cell must 
be efficient in creating and directing these large amount of membranes and proteins to 
places where they are needed. One gene of interest is the Tango1, characterized by Golgi 
defects and known to be required for the loading of large cargo into vesicles at the ERES. 
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Another gene is Rab8 which has been shown to function in the delivery of vesicles from 
the TGN to both apical and basolateral membranes in mammalian cells. 

1.4 Tango1 
Transport and Golgi organization 1 (Tango1) was originally found in a screen identifying 
proteins involved in transport and Golgi organization using Drosophila Schneider 2 (S2) 
cells48. Knockdown of Tango1 using dsRNA resulted in more than 50% inhibition in the 
secretion of a horseradish peroxidase (HRP) fused to a signal sequence along with a 
translocation of the cis- and medial-Golgi marker, mannosidase II, to the ER. Tango1 has a 
mammalian ortholog known as melanoma inhibitory activity 3 (MIA3) or TANGO149. 
TANGO1 is an integral ER transmembrane protein that is specifically localized at ERES48, 

50, 51. The same domain organization is found in both Drosophila Tango1 and mammalian 
TANGO1, it consists of an ER luminal portion bearing an SH3 domain followed by a 
transmembrane domain. The cytoplasmic domain consists of two coiled-coil domains and a 
proline rich domain (PRD)50.  

Mammalian TANGO1 is required for the export of Collagen VII from the ER50. Depletion 
of TANGO1 resulted in the accumulation of Collagen VII and reduced secretion of 
Collagen VII by 70%. These effects were specific for Collagen VII as the secretion of 
Collagen I was not affected by TANGO1 depletion. The TANGO1 knockout mice are 
lethal due to abnormal bone mineralization as a result of inhibition in the export of large 
number of collagen-related proteins52. TANGO1 is also required for collagen secretion in 
other animals. In the Drosophila fat body and follicular epithelia, TANGO1 depletion 
results in intracellular accumulation of Collagen IV51, 53.  

Collagens assemble into large rod-like structures of 300-400 nm in the ER. These rods are 
to large for packaging into normal COPII carriers. TANGO1 is thought to be the solution 
to this problem. TANGO1 interacts with Collagen VII in the ER lumen via the SH3 
domain. The cytoplasmic domain binds to the TANGO1-like protein cutaneous T-cell 
lymphoma-associated antigen 5 (cTAGE5) through its coiled-coil domains and Sec23A 
and Sec24 via the PRD domain. The binding of Collagen VII to the SH3 domain is thought 
to promote the binding of Sec23 and Sec24 to TANGO1, slowing the recruitment of Sec13 
and Sec31 to the COPII coat delaying the formation of COPII carrier54. It has been 
suggested that the delay in the COPII carrier formation causes it to become larger in size 
allowing for the loading of large molecules such as collagens54. TANGO1 has also been 
shown to interact with SLY1, a protein required for membrane fusion55. In addition, 
TANGO1 recruits Sedlin, a member of the transport protein particle complex required for 
ER-to-Golgi tethering, that is involved in collagen secretion, to ERES promoting the 
secretion of collagen56.  

TANGO1 has been proposed to load collagens into supersized vesicles at the ERES. 
Collagen is then transported to Golgi and onwards to the plasma membrane. As TANGO1 
is not present on Golgi membranes, it is not involved in the loading of Collagen into 
vesicles leaving the Golgi. Apparently, this process has been studied extensively. Collagen 
transverses through the Golgi without leaving the cisternal lumen57. The mode of 
traversing has been called cisternal progression/maturation14. Where vesicles carrying 
Collagen undergo homotypic fusion creating a new cisterna, which gradually mature into 
TGN cisterna that ultimately breaks down into smaller secretory vesicles. Therefore, there 
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is no need for a protein like TANGO1 in creating supersized vesicles in the trafficking of 
Collagen from the Golgi. 

In the original S2 screen, TANGO1 was found to affect Golgi organization. Additionally, 
TANGO1 depletion may lead to increase in the size of ER and ERES in collagen 
expressing cells, but apparently this does not apply non-collagen expressing cells50. 
Therefore it was suggested that this defect in ER and ERES organization was an indirect 
effect due to the accumulation of Collagen VII in the TANGO1 depleted cells. 

As was stated above, mammalian TANGO1 is required for the secretion of Collagen VII 
but not Collagen I. Furthermore, general protein secretion is not affected in TANGO1 
depleted cells50, 55, suggesting that TANGO1 was specifically required for the trafficking of 
Collagen VII. The only other known to be affected by TANGO1 depletion in mammalian 
cells is the exogenously expressed HRP. However, it has been suggested that this is an 
effect of an overexpression of an exogenously expressed molecule, although other 
exogenously expressed molecules such as vesicular stomatitis virus G glycoprotein and 
alkaline phosphatase were not affected by TANGO1 depletion50. At this point it is not 
known to which part or domain of the HRP and Collagen VII, TANGO1 binds. HRP and 
Collagen VII appear to have no clear amino acid homology that could be recognized by 
TANGO1 and so far the TANGO1 binding site in Collagen VII has not been identified54. 
Furthermore, it is not clear whether all proteins that require TANGO1 for their secretion 
interact directly with the SH3 domain of TANGO1. As an alternative mechanism, proteins 
could either bind TANGO1 independent of the SH3 domain or they could bind TANGO1 
through an adaptor molecule. Therefore it is important that identify further interaction 
partners of TANGO1. 

1.5 Rab8, a small GTPase involved in vesicular 
trafficking 

1.5.1 Rabs are master regulators of vesicular trafficking 

Rab8 is a member of the family of small guanosine triphosphatases. Rab GTPases are 
involved in various aspects of vesicular transport: cargo selection, vesicular budding, 
moving, tethering, docking and fusion (see reviews58, 59). Rabs function as molecular 
switches that alternate between an active GTP bound state and inactive GDP bound state. 
The switching between an active and inactive state is controlled by guanine nucleotide 
exchange factors (GEFs) and by GTPase activating proteins (GAPs) that induce the release 
of GDP to allow for the binding of GTP and accelerate GTP hydrolysis, respectively. 

Rabs are peripheral membrane proteins that are anchored to their distinct membrane via 
post-translational modification of the carboxyl terminus, with hydrophobic geranylgeranyl 
groups. Rab escort proteins are responsible for binding newly synthesized Rab and 
presenting them to a geranylgeranyl transferase60, and then delivering them to their 
destination membrane where they are anchored to the membrane via the hydrophobic 
geranylgeranyl group61. The membrane associated Rab can then be activated by its GEFs 
triggering its interaction with its effectors62. After carrying out its functions through its 
effectors, the Rab is then recycled back to its membrane of origin by a guanine nucleotide 
dissociation inhibitor63. 
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Figure 3: Rab domains on endosomes. Rab4, Rab5 and Rab11 are enriched within defined areas of 
endosome membranes forming Rab domains. Early endosomes contain separate domains enriched in Rab5 
(green) and Rab4 (red), which are involved in endosome fusion and endocytic recycling, respectively. The 
recycling endosome contains domains enriched in Rab4 and Rab11 (blue), which are involved in vesicle 
trafficking from the early endosome and to the plasma membrane, respectively. Figure copied from Nature 
Rev. Mol. Cell Biol., 2, Zerial, M. & McBride, H. Rab proteins as membrane organizers, 107-117, Copyright 
Nature (2001)58. 

Different Rab GTPases are localized to distinct subcellular compartments where they 
regulate different aspects of vesicular trafficking64. Rabs are not only localized to different 
organelles, but also are different Rab proteins on the same organelle found to occupy 
distinct membrane domains, so-called Rab domains65. Examples of this are the endosomes 
where Rab5, Rab4 and Rab11 have shown a great degree of compartmentalization (Figure 
3). EE and recycling endosomes are comprised of combinations of Rab4, Rab5 and Rab11 
domains that are dynamic but do not intermix. Three main populations have been 
observed: one that contains only Rab5, a second that contains Rab4 and Rab5 and a third 
that contains Rab4 and Rab11. The first two make up the early/sorting endosomes and the 
latter make up the RE. 
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Table 1: Drosophila Rabs and SNAREs. Based on multiple reviews66-69. 

 

The best understood function of Rab proteins is probably their role in vesicle tethering, in 
which Rabs in their GTP-bound form appear to recruit tethers to specific locations. A well-
studied example of this is the cooperation of Rab5 and SNARE proteins with multiple 
accessory factors bringing together the vesicular membrane and target membrane. This 
supramolecular network is formed by complex interactions of many proteins where Rab5 
effectors recruitment is stabilized by SNARE proteins and their accessory factors70. Rabs 
and SNAREs are well-conserved factors that mediate quality control in membrane 
trafficking (Table 1). Vesicles and their target membrane must have correct sets of Rabs 
and SNAREs molecules in order for them to fuse71, 72. It is thought that target membrane 
contains of a t-SNARE bound to a Sec1p/Munc18 whereas the vesicles carry an activated 
v-SNARE and a GTP-bound Rab. Once in close proximity the activated Rab displaces the 
Sec1p/Munc18 allowing for the interaction of the t-SNARE with the v-SNARE that then 
mediate the fusion of the two membranes.  

1.5.2 Rab8 plays a role in secretory trafficking from the Golgi to 
plasma membrane in mammals 

Mammals have two Rab8 has two paralogs, Rab8A and Rab8B, which have 83% amino 
acid identity. The two isoforms are expressed differentially and have apparently different 
interactors73. However, many studies show that Rab8A and Rab8B have similar functions. 

tSNARE Drosophila gene Human gene R/Q SNARE

Syntaxin 1 Syx1A STX1A,B Qa family

Syntaxin 4 Syx4 STX2-4,11 Qa family

Syntaxin 5 Syx5 STX5 Qa family

Syntaxin 6 Syx6 STX6,10 Qc family

Syntaxin 7 Syx7 STX7 Qa family

Syntaxin 8 Syx8 STX8 Qc family

Syntaxin 13 Syx13 STX13 Qa family

Syntaxin 16 Syx16 STX26 Qa family

Syntaxin 17 Syx17 STX17 Qa family

Syntaxin 18 Syx18 STX18 Qa family

SNAP-24/SNAP-25b Snap24 SNAP23 Qb family/Qc family

SNAP-25 Snap25 SNAP25 Qb family/Qc family

SNAP-29 Snap29 SNAP29 Qb family/Qc family

Bet1 Bet1 BET1,1L Qc family

v-SNARE Drosophila gene Human gene R/Q SNARE

neuronal synaptobrevin nSyb VAMP1-5 R-family

Synaptobrevin Syb VAMP1-5 R-family

Sec22 Sec22 SEC22A-C R-family

Ykt6 Ykt6 YKT6 R-family

Vamp7 Vamp7 VAMP7,8 R-family

Others Drosophila gene Human R/Q SNARE

Membrin Membrin GOSR2 Qb family

Gos28 Gos28 GOSR1 Qb family

Vti1 Vti1 VTI1A,B Qb family

Use1 Use1 USE1 Qc family

Sec20 (CG2023) CG2023 BNIP1 Qc family

Rabs Drosophila gene Human gene

Rab1 Rab1 RAB1A,B

Rab2 Rab2 RAB2A,B

Rab3 Rab3 RAB3A-D

Rab4 Rab4 RAB4A,B

Rab5 Rab5 RAB5A-C

Rab6 Rab6 RAB6A-C

Rab7 Rab7 RAB7

Rab8 Rab8 RAB8A,B

Rab9 Rab9 RAB9A,B

Rab10 Rab10 RAB10

Rab11 Rab11 RAB11A,B

Rab14 Rab14 RAB14

Rab18 Rab18 RAB18

Rab19 Rab19 RAB19

Rab21 Rab21 RAB21

Rab23 Rab23 RAB23

Rab26 Rab26 RAB26

Rab27 Rab27 RAB27A,B

Rab1

Rab30 Rab30 RAB30

Rab32 Rab32 RAB32

Rab35 Rab35 RAB35

Rab39 Rab39 RAB39

Rab40 Rab40 RAB40

Other Rabs Drosophila gene

RabX1 RabX1
RabX2 RabX2
RabX3 RabX3
RabX4 RabX4
RabX5 RabX5
RabX6 RabX6
Rab9D Rab9D
Rab9Db Rab9Db
Rab9E Rab9E
Rab9Fa Rab9Fa

Drosophila has 24 SNAREs that can be either characterized into v-SNAREs 

or t-SNAREs based on the membranes they located in or based on their 

structural features into R-SNAREs or Q-SNARES.

33 Rabs have been identified in Drosophila, ten 

of which have no apparent homology to human 

Rabs. 
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For example, the knockdown of Rab8A/B affects both primary ciliary formation74, 75 and 
Madin-Darby Canine Kidney (MDCK) cyst formation10 (both of which are discussed 
below). Only one Rab8 gene has been identified in Drosophila. Drosophila Rab8 has 79% 
amino acid identity with both Rab8A and Rab8B, indicating that they are equally related to 
Drosophila Rab8. Therefore, I will not make a distinction between the two in my 
discussions below. 

Subcellular analysis of mammalian Rab8 shows that Rab8 is localized on TGN, RE, 
vesicular and tubular structures in the cytosol, membrane protrusions and plasma 
membrane76, 77. How Rab8 is preferentially localized to these membranes is not well 
understood. Although Rab8 belongs to a subset of Rabs that contain a CAAX motif that 
undergo carboxyl methylation that might be required for its membrane localization, studies 
show that replacing the CAAX domain does not affect its subcellular localization78.  

Rab8 acts as a mediator of secretory trafficking, both directly from the TGN to both 
basolateral and apical plasma membrane, and through RE through its cooperation with 
multiple interaction partners and effectors74, 76, 77, 79. 

A few mammalian GEFs have been identified to activate Rab8 such as Rabin8, GRAB and 
RPGR80-82. Rabin8 and GRAB are structurally similar proteins that interact with Rab8 via 
their coiled-coil region in order to activate it83, 84. None of the identified mammalian Rab8-
GEFs have a Drosophila homolog (Table 2) and so far no other GEFs have been identified 
for Rab8 in Drosophila. Proteins containing a TBC domain (TBC proteins), a domain that 
possesses a GAP activity towards certain Rabs, have been shown to inactivate Rab885. 
These proteins are TBC1D1, TBC1D4, TBC1D17, and TBC1D3086-89 and they have 
Drosophila homologs (Table 2). 

Table 2: Rab8 specific GEFs and GAPs. Many mammalian proteins have been shown to activate Rab8 
either in vitro or in vivo. Drosophila homologs were only found for the GAPs but not for any of the GEFs. 
N/A means that there are no homologs identified in Drosophila. 

 

Many other molecules have been shown to interact with Rab8 although the nature of the 
interaction is not always known. Mss4 is thought to bind to Rab8-GDP and regulate its 
function in an unknown manner90. Other molecules such as Optineurin, Myosin5 and 
MICAL and components of the exocyst are thought to be effectors of Rab886, 91-94. Yet 
others (KCa3.1, CTLA-4 and GLUT4) are thought to be cargos of Rab8 mediated 
trafficking88, 95, 96. Below I will discuss a few examples of Rab8 function in different 
cellular processes relevant described here (more have been recently reviewed73).  

  Mammalian Isoform Drosophila 
homolog References 

      

G
E

F  Rabin8 Rab8 N/A 80 

 RPGR Rab8 N/A 81 

 GRAB Rab8 N/A 82  

      

G
A

P
  TBC1D17 Rab8 Tbc1d15-17 86 

 TBC1D1  Rab8 Pollux 87  

 TBC1D4  Rab8A Pollux 88 

 TBC1D30 Rab8A CG42795 89 
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1.5.3 Rab8 regulates cell shape and polarity initiation 

Rab8 has been shown to play a major role in cell shape changes such as in the formation of 
lamellipodia, filopodia and ciliogenesis73. In ciliogenesis Rab8 is a key player in the initial 
stage of ciliary membrane biogenesis. The ciliary assembly is initiated by the relocalization 
of Rabin8 (Rab8 GEF) to Rab11-positive vesicles where it interacts with the TRAPPII 
complex. There, Rabin8 associates with the BBSome (a stable complex of Bardet-Biedl 
syndrome proteins). Rab11 promotes the association of Rab8 with Rabin8, which in turn 
activates Rab8 that now can exert its function97. The downstream effectors have not been 
clearly identified. However, the exocyst, an octameric protein complex that mediates 
vesicle tethering at the plasma membrane, has been suggested as one effector as it has both 
been shown to play a role in ciliogensis and to interact with Rab8 and Rab1174, 98, 99. Sec15 
(a component of the exocyst) is colocalized with both Rab8 and Rab11 in primary cilia, 
which might serve to coordinate vesicle budding from the RE to vesicle tethering at the 
plasma membrane100.  

Rab8 can also affect cell shape by its interaction with motor proteins and the 
cytoskeleton80, 94, 101. Rab8 alters the reorganization of actin and microtubules102. Inhibition 
of active Rab8 in human fibrosarcoma cells promotes actin stress fiber formation and 
inhibits protrusion formation whereas the activation of Rab8 has opposite effects103. The 
remodeling of the actin cytoskeleton could play an important role in the delivery of 
vesicles to the appropriate membranes, which in turn can play an extremely important role 
in various processes such as cell shape, cell migration and polarization.  

MDCK cells have been a useful model to study cell polarization and lumen formation. In 
this model, lumen formation requires the establishment of apical polarity in order to define 
the site where lumen will form. Rab8 and Rab11 regulate the delivery of vesicles with 
associated apical polarity proteins to the apical membrane initiation site (AMIS), an early 
step in establishing apical polarity74. Moreover, Rab8 in combination with Rab27, Rab3, 
SLP4 and Syntaxin3 are thought to aid in vesicle tethering and fusion at the AMIS104. This 
is in accordance with its previously identified role in docking and fusion92.  

1.5.4 Rab8 in endocytic recycling 

Endocytic recycling is a highly regulated process where the Rabs play a fundamental role. 
Two mechanisms have been described for the endocytosis of clathrin-dependent and 
clathrin-independent endocytosis. Irrespective of the mechanism of endocytosis, the 
endocytosed cargo is delivered to the EE where it is then sorted and passed on to its next 
destination. Cargo can be trafficked from the EE to lysosomes, TGN or RE or even directly 
to the plasma membrane and therefore must be considered a major player in redistribution 
of proteins and membrane in the cell (Figure 4)105. Rab8 has been shown to participate in 
the recycling pathway that is linked to Arf6, EHD1, Myosin5 and Rab1194, suggesting that 
Rab8 is involved in the clathrin-independent recycling.  
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Figure 4: Role of Rabs in recycling. Rabs play an important role in recycling of cargo in endocytic 
trafficking. Cargo can be endocytosed by two distinct pathways: clathrin-dependent (blue) and clathrin-
independent. Clathrin-dependent cargo can be recycled from the EE directly to the plasma membrane via 
rapid recycling, by passing the RE, in a process that requires Rab4. Both clathrin-dependent and independent 
cargo recycling going through the RE requires Rab11. The recycling of clathrin-independent cargo involves 
the generation of Rab8 and Rab22 dependent tubules. Figure copied from Nature Rev. Mol. Cell Biol., 10, 
Grant, B.D. & Donaldson, J.G. Pathways and mechanisms of endocytic recycling, 597-608, Copyright Nature 
(2009)105. 

Components of the endocytic trafficking, such as Rab5, Rab9, clathrin and the retromer 
complex also play a role in liquid clearance and regulation of tube length in the Drosophila 
tracheal dorsal trunk45, 106-108. Recent studies provided evidence for endocytosis shaping the 
subcellular lumen in terminal cells109. The inhibition of endocytosis resulted in anisotropic 
lumen dilations but not in tube elongation. The shape of the tube is regulated through 
organization of the cortical actin at the apical membrane. Endocytosis is thought to 
regulate the cortical actin by maintaining normal levels of Crumbs levels at the apical 
membrane109. Similarly, defects in endocytic recycling were shown to reduce the overall 
terminal cell size and branching. The loss of Rab11 resulted in reduced branching and the 
accumulation of cytoplasmic vesicles, a defect very similar to that of defects in the 
exocyst110 suggesting a lack of material delivery. Increased activation of Rab35 (or loss of 
its GAP) leads to tube overgrowth at the branch tips, whereas decreased activation of Rab5 
(or overexpression of its GAP) results in the formation of ectopic tubes surrounding the 
terminal cell nucleus111.  

Together these studies show that the endocytic-recycling pathway plays a major role in 
delivery of membranes and regulating levels of various cargos at the different plasma 
membrane domains in terminal cells. The rapid growth of both the apical and basolateral 
domains in tracheal and terminal cells require that membrane and protein delivering 
pathways are effective in targeting the material to the correct domains.  

Rab8 also acts on secretory vesicles with different cargo and is required for their delivery 
from the TGN to the plasma membrane, either directly or through the RE, making it an 
interesting player in balancing the membrane and protein delivery in terminal cells. The 
work described here explores the localization of Rab8 within the terminal cell and its 
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colocalization with other Rabs involved endocytic recycling. Additionally, this work 
addresses whether Rab8 plays a role in apical or basolateral trafficking and what effects 
Rab8 depletion has on the morphology of the terminal cell. 

1.6 Study aims 
Studies have revealed a number of molecules and pathways regulating development of 
multicellular tubes. However, a lot less is known about genes and proteins regulating the 
subcellular branch and tube formation in terminal tracheal cells. The identification of 
molecules required for larval terminal cell development has been impeded by the 
pleiotropic nature of the genes encoding these molecules, as most are essential earlier in 
development. However, this can be overcome by analyzing the effects of expressing a gene 
specific RNAi or with mosaic analysis with a repressible marker (MARCM). In this thesis 
we characterized the roles of two proteins known to play a role in vesicular trafficking, 
Rab8 and Tango1, which were identified in a small scale RNAi screen and MARCM 
screen, respectively. In addition, we have designed a comprehensive scheme for analyzing 
terminal cell morphology and allowing comparison of different phenotypes.  

The general aim of this study was to find genes and pathways that regulated de novo lumen 
formation in Drosophila terminal cells. The specific aims were to: 

• Document the involvement of Tango1; 

• Characterize the role of Rab8; 

• Design a protocol for quantitative analysis of terminal cell phenotypes. 

1.7 Declaration of contribution  
This thesis is divided into four chapters; the first chapter summarizes the main points of 
my review paper (see Paper I at the end of the thesis for the published review article) and 
provides necessary background information, the remaining chapters discuss my research in 
three manuscripts.  

Manuscript I: Sigurbjörnsdóttir, S., Baer, M. M., JayaNandanan, N., Affolter, M. & 
Leptin, M. Tango1 has a collagen-independent role in cell morphology. 

This manuscript describes the identification of a mutant allele 2L3443 as tango1. The 
reduction or loss of tango1 in terminal cells leads to reduction in the number of branching 
points and defects in air-filling of the lumen. Additionally, Drosophila Tango1 is required 
for the delivery of multiple transmembrane and secreted proteins from the ER to Golgi in 
both terminal cells and fat body cells.  

Magdalena M. Baer, who also carried out the mapping and initial phenotypic 
characterization under the supervision of Maria Leptin and Markus Affolter, generated the 
mutant line used in the study. I was involved in identifying the mutant allele 2L3443 as 
Tango1 by showing that the mutant phenotypes could be suppressed by expressing GFP-
tagged Tango1. The detailed characterization of the phenotypes and all following 
experiments, exploring the function of Tango1 both in terminal cells and fat body cells, 
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were performed and analyzed by me under the supervision of Maria Leptin and N. 
JayaNandanan. I prepared the manuscript with critical comments from Maria. 

Manuscript II: Sigurbjörnsdóttir, S., JayaNandanan, N. & Leptin, M. The role of Rab8 in 
Drosophila tracheal terminal cell development. 

This manuscript describes the role of Rab8 in terminal cell development. Depletion of 
Rab8 results in reduced number of branches and tangled tubes. Rab8 colocalizes with 
Rab11 and Rab3 on vesicles and is required for the delivery of βPS-integrin to the 
basolateral membrane and Crumbs to the apical membrane. The constitutive activation of 
Rab8 appears to result in excess membrane at the outer membrane and the inactivation in 
insufficient outer membrane, while the tube membrane appears to be unaffected. 

I performed all experiments and analysis of the data under the supervision of N. 
JayaNandanan and Maria Leptin. I prepared the manuscript with critical comments from 
Maria.  

Manuscript III: Sigurbjörnsdóttir, S., Lasser J, Katifori, E, Guðbrandsson, J. & Leptin, M. 
Phenotypic characterization of Drosophila larval terminal cells. 

This manuscript summarizes a protocol for analyzing the cellular morphology of terminal 
cells. The protocol was tested by measuring the number of branching points, total branch 
length and branch area of control terminal cells and terminal cells depleted of Rab8, 
Crumbs, Talin and βPS-integrin. The analysis identified a three-way interaction between 
RNAi, temperature and genotype. The expression of all gene-specific RNAi resulted in 
reduced number of branching points, length and area. The efficiency of the RNAi 
knockdown was increased at higher temperature and in the presence of Dicer2.  

I performed all experimental procedures and imaging. The segmentation process was 
designed and performed by Eleni Katifori and Jana Lasser. Jana Lasser wrote the script for 
quantitative calculations. Jóhannes Guðbrandsson developed the R script for statistical 
analysis. I prepared the data for publication and interpreted the results. I wrote the 
manuscript with comments from Maria Leptin. 

Paper I: Sigurbjörnsdóttir, S., Mathew, R., Leptin, M. 2014. Molecular mechanisms of de 
novo lumen formation. Nature Rev. Mol. Cell Biol. 15, 665-76. 

This article is a review of the molecular mechanisms of de novo lumen formation. For the 
review article I did the research for references and wrote the article together with Renjith 
Mathew with comments from Maria Leptin. I prepared the illustrations for the article that 
were then modified by editors to fit Nature Review style. 
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2 Tango1 has a collagen-independent 
role in cell morphology  

Sara Sigurbjörnsdóttira, Magdalena M. Baerb, c, N. JayaNandanana, Markus Affolterb, Maria Leptinc 
a EMBL, Heidelberg, Germany 
b Biozentrum, University of Basel, Basel, Switzerland  
c Institute of Genetics, University of Cologne, Cologne, Germany 

2.1 Abstract 
Tango1 assists the formation of specialized COPII vesicles for bulky collagen transportation 
from endoplasmic reticulum exit sites. We find that reduction or loss of tango1 leads to 
defects in tube formation and cell morphology in tracheal terminal cells in Drosophila 
melanogaster, highly branched cells with subcellular tubes for gas transport running through 
their branches. However, lack of collagen secretion cannot account for the defects in terminal 
cells with reduced tango1 activity and we therefore propose that Tango1 must have an 
additional, collagen-independent, role in terminal cells. Characterization of mutant cells 
reveals an accumulation of an apically secreted protein, Piopio, within the cytoplasm. 
Whether Tango1 is directly required for the secretion of Piopio or more indirectly remains to 
be tested. We also find that Tango1 is required for trafficking of various transmembrane and 
secreted proteins in both terminal cells and fat body cells. Amongst these are the Golgi 
residing proteins mannosidase II, GRASP65 and galactosyltransferase. We hypothesize that 
Tango1 plays a more comprehensive role than previously assumed, and is required not only 
for secretion of bulky collagen, but also for other molecules in flies and possibly other 
metazoans. 

2.2 Introduction 
Tubular organs play an essential role in transporting fluids and gases. One well-studied 
tubular system is the Drosophila tracheal system1. The tracheal system is a highly branched 
tubular system that starts developing in the embryo from 10 pairs of tracheal placodes. These 
placodes transform into a branched tubular system without cell proliferation and their 
transformation is majorly driven by cell migration, cell rearrangement and cell shape 
changes112. After forming an extensively branched network of tubes, the lumen matures until 
it reaches an adequate diameter, the structure then stabilizes and the lumen fills with air. 
Studies have shown that during embryogenesis the tube of the tracheal dorsal trunk goes 
through three steps of maturation in order to create a functional air-filled lumen45. First, the 
lumen fills with proteins and liquid, then the solid material is removed and finally the liquid is 
cleared and the lumen fills with air. Although the tracheal system is fully functional at the end 
of embryonic development, the system continues to develop extensively during larval 
development. The most drastic changes occur in terminal cells, which grow and ramify 
extensively during larval stages to form long cytoplasmic extensions with subcellular tubes 
that supply air to hypoxic tissues. The subcellular tube in terminal cells is formed de novo by 
plasma membrane invagination, during which luminal space is created by addition of vast 
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amounts of newly synthesized membrane material into the apical membrane. This lumen is 
lined with a layer of cuticle and, when functional, filled with gas.  

Several screens performed in the past have shed light on some of the genetic and cellular 
components required for early tracheal formation112-114. However the identification of 
molecules required for events occurring at later stages of this process, such as larval terminal 
cell development, has been hampered by the fact that many molecules needed for branch 
morphogenesis during later stages may be required for other essential processes during 
embryogenesis. This can be overcome by analyzing the defects in homozygous mutant clones 
using the mosaic analysis with a repressible cell marker (MARCM) approach115. Two screens 
using the MARCM system aiming to identify novel genes involved in larval terminal cell 
morphogenesis have already been published116, 117. These screens have identified factors 
required for terminal cell specification, branching, growth, lumen formation, lumen 
maturation and maintenance.  

Here, we describe a mutant allele, 2L3443, discovered in a previously published MARCM 
screen for tracheal mutants116. 2L3443 was identified to be allelic to tango1. The tango12L3443 
mutation reduces terminal cell branch number and prevents lumen air-filling. We show here 
that Tango1 localizes to the endoplasmic reticulum exit sites (ERES) in terminal cells where 
it is required for the delivery of multiple transmembrane and secreted proteins from the 
endoplasmic reticulum (ER) to the Golgi. Our results suggest that Drosophila Tango1 might 
have a more general role in the trafficking of molecules from ER to Golgi than its mammalian 
counterpart.  

2.3 Materials and Methods 

2.3.1 Fly stocks 

The btl-GAL4118, SRF-GAL4119 and Lpp-GAL4120 were used to drive the expression of the 
UAS transgenes in the trachea, terminal cells and fat body respectively. The UAS-Dicer2 
(#60008), UAS-Sec16-RNAi (#109645), UAS-Sec23-RNAi (#110568), UAS-Sec31-RNAi 
(#35867) and UAS-piopio-RNAi (#107534) lines were obtained from the Vienna Drosophila 
RNAi Center. The UAS-tango1-RNAi (#11098R-3) and UAS-vkg-RNAi (#16858R-1) were 
obtained from the National Institute of Genetics Fly Stock Center, Japan. UAS-Dicer2 was 
expressed along with the UAS-RNAi lines in order to enhance their function. The 
Df(2L)BSC187 (#9672), UAS-GRASP65.GFP (#8507), UAS-RFP.Golgi (#30908 and 
#30907), UAS-RFP.KDEL (#30910), UAS-DsRed (6282) and UAS-mCD8.mCherry (#27392) 
lines are available from the Bloomington Drosophila Stock Center. The following constructs: 
Vkg.GFP (#G00454)121, UAS-ManII.EGFP122, UAS-crbextraTM.GFP123 and UAS-Gasp-GFP45 
were obtained from various sources. 

The 2L3443 mutant was isolated in an EMS screen116. The mutation is a nonsense mutation 
(FBpp0078925_r6.02:c4021C>T) introducing premature stop codon (pArg1341*). The 
FRT40A (5615) line used to generate control clones was obtained from Bloomington 
Drosophila Stock Center. Clones were generated using the hsFlp1.22;tub-
GAL80,FRT40A;btl-GAL4,UAS-eGFP (gift from S. Luschnig). The tango1GS17108 and 
tango1GS15095 alleles were from the Kyoto Drosophila Genetic Resource Center. 

The UAS-Tango1.GFP and UAS-FLAG.HA.Tango1 were generated by cloning the full-length 
tango1 cDNA (GH02877) into pDONR221 (Gateway System, Invitrogen). This was 
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recombined into a destination vectors pTWG and pTFHW (from the Drosophila Gateway 
Vector, https://emb.carnegiescience.edu/labs/murphy/Gateway%20vectors.html) using the 
Gateway LR reaction (Invitrogen). The tagged tango1 constructs were then moved from the 
gateway destination vector to pUAST-attB124. These constructs were then injected into 
VK00033125 to generate transgenic fly lines according to standard protocols126. 

2.3.2 Whole mount sample preparation and microscopy 

Third instar wandering larvae were collected and cleaned with water. Larvae were then 
transferred onto a cover slip and mounted with a drop of Halocarbon oil 27 preheated to 65°C. 
After 30 s the cover slip was removed from the heat source and the slide imaged immediately. 
The whole mount larvae in Halocarbon oil 27 were imaged using a Zeiss LSM 780 confocal 
laser scanning microscope. Images were processed using ImageJ/Fiji (version 1.48c National 
Institutes of Health, USA; http://imagej.nih.gov/ij/). 

2.3.3 Immunofluorescence staining 

The following primary antibodies were used for immunofluorescence staining: guinea pig 
anti-Tango151 (1:400, gift from Sally Horne-Badovinac), rabbit Sec16127 (1:600, gift from 
Catherine Rabouille), rabbit anti-Sec23 (1:200, Thermo Scientific clone PA1-069) and rabbit 
anti-Pio (1:300, gift from Markus Affolter128). Alexa-conjugated secondary antibodies: Alexa 
Fluor® 488, Alexa Fluor® 568 and Alexa Fluor® 647 (1:500, Molecular probes). DAPI 
(4’,6-diamidino-2-phenylindole) (1:500, Sigma-Aldrich) was used to visualize the nuclei of 
cells. 

For immunofluorescence staining, third instar wandering larvae were collected and dissected. 
The larvae were opened along the ventral midline and the gut was removed to expose the 
tracheal system and fat body. The dissected tissues were then fixed using 4% PFA in PBS for 
15 – 20 min and washed with 0.3% Triton X-100 in PBS followed by 1 h incubation in 
blocking reagent (1% BSA in 0.3% Triton X-100 in PBS). Primary antibodies were then 
added (in blocking reagent) and incubated overnight at 4°C on a rocking platform. The larval 
fillets were then washed again using 0.3% Triton X-100 in PBS and then incubated with 
Alexa conjugated secondary antibodies at room temperature for 90 min followed by extensive 
washing using 0.3% Triton X-100 in PBS. Samples were mounted for imaging using 
Vectashield (Vector Laboratories) and images acquired on Leica SP2 or Zeiss LSM 780 
confocal laser scanning microscopes. Images were processed using ImageJ/Fiji (version 1.48c 
National Institutes of Health, USA; http://imagej.nih.gov/ij/). 

2.3.4 Western blotting 

The following primary antibodies were used for western blotting: guinea pig anti-Tango151 
(1:10.000, gift from Sally Horne-Badovinac), mouse anti-GFP (1:1000, Roche 
#11814460001) and mouse β-Tubulin (1:5000, Amersham Life Science).  

For western blotting, 20 embryos and larvae of desired stages were selected and homogenized 
in loading buffer and heated for 5 min at 95°C. Samples were then loaded on polyacrylamide 
gels for SDS-PAGE and the proteins were then transferred to a polyvinylidene difluoride 
membrane for immunoblotting and detection. Detection of HRP-conjugated secondary 
antibodies with Luminata Cresecendo Western HRP substrate (Merck Millipore) was 
performed according to the manufacturer’s instruction.  
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2.3.5 Quantitative analyses of branching and air-filling 

Quantitative analyses of number of branching points and air-filling were performed in dorsal 
terminal cells in tracheal metameres 3-6 of whole mount heat-killed larvae. Appropriately 
staged larvae were collected and cleaned using water. Larvae were then transferred onto a 
cover slip with a drop of Halocarbon oil 27 (Sigma) preheated to 65°C. After 30 s the cover 
slip was removed from the heat source and imaged immediately. The number of branching 
points were manually counted from maximum projections of Z-stack images. ANOVA or 
student t-test was used to determine whether the control and RNAi expressing terminal cells 
were significantly different. Analysis of air-filling was performed by visualizing the presence 
of lumen using light transmission. The data are summarized as percentage of cells with 
defective air-filling out of the total number of cells analyzed and two-tailed student t-tests 
were used to determine whether knockdown phenotypes were significantly different from 
control. GraphPad Prism6 was used for statistical analysis and graphical representation.  

2.3.6 Quantification of Collagen surrounding terminal cells 

To test whether the collagen surrounding terminal cells was provided by terminal cells 
themselves or by fat body cells, the relative Vkg-signal surrounding terminal cells in animals 
that were either depleted of Vkg production in terminal cells or fat body cells was measured 
using the following approach: 

A single focal plane through the center of the terminal cells in animals expressing either vkg-
RNAi in terminal cells (using SRF-GAL4) or fat body (Lpp-GAL4). Collagen was visualized 
using a Vkg-protein trap (Vkg-GFP). Using ImageJ (version 1.48c National Institutes of 
Health, USA; http://imagej.nih.gov/ij/), the mean fluorescent intenisties of the outer 
membrane close to the nucleus in 15 terminal cells of different individuals was measured over 
3 x 30 pixels after subtracting background signal. The signal was normalized to mean 
fluorescence of animals expressing no RNAi. The data are represented as a percentage, of the 
ratio of fluorescent signal at the outer membrane of terminal cells expressing vkg-RNAi out of 
fluorescent signals of terminal cells expressing no RNAi. One-way ANOVA was used to 
determine whether there was a significant difference from controls. GraphPad Prism6 was 
used for statistical analysis and visual representation.  

2.4 Results 

2.4.1 Identification of the 2L3443 mutation 

The mutation 2L3443 was identified in a previously published MARCM screen116. This 
screen established a collection of 4779 mutant fly stocks carrying random ethyl 
methanesulfonate (EMS)-induced mutations on the second left chromosomal arm. These 
mutant stocks were screened for defects in the trachea of third instar larvae using the 
MARCM system, which generates homozygous mutant clonal cells by induction of mitotic 
recombination in heterozygous animals115. As many of the mutations were homozygous 
lethal, the lines were classified into complementation groups based on lethality. The 2L3443 
mutation classified into the E3 complementation group with only one other allele, which was 
lost due to sickness of the line. The two mutations did not complement each other, indicating 
they were most likely different alleles of the same gene. Homozygous 2L4334 mutants were 
identified as embryonic semi-lethal because 33.3% embryos failed to hatch, and those that did 
survived only until early larval stages129. In this line, the development of the embryonic 
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trachea and larval multicellular tubes were unaffected, whereas larval terminal cell mutant 
clones had problems with air-filling. The line was therefore classified into a phenotypic class 
described to have problems with lumen formation within terminal extensions without 
affecting multicellular branches129.  

 

Figure 5: 2L3443 affects terminal cell branching and air-filling. Clonal terminal cells in control (A) and 
homozygous 2L3443 mutant (B). The cells were labeled with cytoplasmic GFP and the air-filled tube was 
visualized by reflected light. In the mutant cell, this reflection was largely absent (B’). (C) The percentage of 
terminal cells with normal air-filling of the lumen in control and 2L3443/2L3443. Control, n = 11; 
2L3443/2L3443, n = 14. (D) The number of terminal cell branches in control and 2L3443/2L3443. Bars represent 
the mean ± standard deviation (SD). Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001. Control, n = 13; 2L3443/2L3443, n = 23.Scale bars: 40 µm. 

The phenotype was initially described on the basis of low-magnification images of cells 
marked with cytoplasmic GFP. Here we analyzed the phenotypes in mutant terminal cell 
clones in more detail (Figure 5). Normally, the mature air-filled tracheal lumen can be 
visualized by light reflection or with bright field imaging (BF) due to the difference in 
refraction index of air inside the lumen and the cytoplasm of the cell (Figure 5A’ and Figure 
6A’). In homozygous mutant clones, no reflection was seen or only parts of the lumen were 
visible (Figure 5B’), suggesting that the lumen does not mature normally in mutant cells. 
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Quantification of the phenotype showed that only 14% of mutant cells have a fully air-filled 
lumen (Figure 5C). Further examination of the mutant clonal cells showed that, although the 
lumen was not visible using BF microscopy, it was not completely absent, since the 
cytoplasmic GFP was restricted from this area. As air-filling is one of the last steps in the 
maturation process, the lack of air-filling suggests that the mutant cells displayed problems 
with lumen maturation. 

In addition to the defective lumen the homozygous mutant clones also had reduced number of 
branching points. Quantification of the number of branching points showed that the mutant 
clones had on average 21 ± 1.6 branching points compared with 32 ± 2.4 in the control cells 
(Figure 5D). Therefore, the tango1 mutant clones have both air-filling and branching 
problems.  

2.4.2 The 2L3443 mutation is in a gene called tango1 

The allele 2L3443 was mapped using single nucleotide markers and deficiency mapping to a 
160 Kb (26D10 - 26F3) region on the second chromosome129. This region contained 21 
predicted genes. Sequencing of their predicted coding regions identified mutations in two 
genes, ent2 and tango1. As the phenotype could not be suppressed by exogenously expressing 
Ent2 (unpublished results from Magdalena M. Baer), it was unlikely that the phenotype was 
caused by the mutation in ent2. By showing that neither the lethality nor the phenotype was 
complemented by an additional deficiency line (BSC187) we could exclude ent2 and narrow 
down the chromosomal region to only 15 predicting genes. This supported the exclusion of 
ent2, leaving tango1 as the candidate gene. 

To investigate whether the mutation identified in tango1 caused the lethality, two mutant 
alleles of tango1, tango1GS15095 and tango1GS17108 (available from Kyoto Drosophila Genetic 
Resource Center) were tested for complementation. These alleles contain transposon 
insertions near the 5’ end of the open reading frame of tango1, thus rendering it 
dysfunctional. These alleles did not complement the 2L3443 allele, suggesting that the 
lethality is a result of the mutation in tango1. 
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Figure 6: Exogenous expression of Tango1 suppresses the air-filling and branching phenotypes in 2L3443 
mutants. Clonal terminal cells in (A) control, (B) tango12L3443/2L3443 clones and (C) tango12L3443/2L3443 clones 
expressing GFP-tagged Tango1. Terminal cells were labeled with cytoplasmic GFP and the air-filled lumen 
visualized with bright field. The expression of Tango1.GFP restores air-filling of the lumen. (D) The percentage 
of 3rd instar terminal cells with normal air-filling of lumen in control, tango12L3443/2L3443 clones and 
tango12L3443/2L3443 clones expressing GFP-tagged Tango1. Control, n = 11; tango12L3443/2L3443, n = 14; 
tango12L3443/2L3443 + Tango1.GFP, n = 11. (E) The number of terminal cell branches in control, tango12L3443/2L3443 
clones and tango12L3443/2L3443 clones expressing GFP tagged Tango1. Bars represent the mean ± SD. Two-tailed t-
test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Control, n = 13; tango12L3443/2L3443, 
n = 23; tango12L3443/2L3443 + Tango1.GFP, n = 11. Scale bars: 40 µm. 

To further strengthen this conclusion, we tested whether exogenous expression of Tango1 
tagged with GFP could suppress the phenotype (Figure 6A). As shown above, clonal cells 
mutant for Tango1 only had partially air-filled lumens or complete lack of air-filling of the 
lumen and a reduced number of branches (Figure 6B). The ratio of air-filled lumens and 
number of branches in mutant clones expressing exogenous Tango1 showed no significant 
difference when compared with the WT (p = 0.58). Therefore expression of exogenous 
Tango1 suppresses the air-filling and branching problems (Figure 6B-E). This is a strong 
indicator that the phenotypes seen in the 2L3443 allele were indeed caused by the mutation in 
tango1. 

2.4.3 The 2L3443 mutation causes a truncation in the Tango1 
protein 

The tango1 gene encodes a 1430 amino acid protein that is predicted to have three functional 
domains that interact with other proteins. The SH3-related domain, the coiled-coil domain 
and a proline rich domain (PRD) are thought to interact with collagen, cTAGE5 and the 
COPII coat, respectively (Figure 7A). Sequencing of the tango12L3443/2L3443 allele revealed a 
nonsense mutation in amino acid 1341 (pArg1341*). The mutation generates a stop codon a 
few amino acids downstream of a PRD, resulting in an 89 amino acid truncation of the 
protein. The missing segment contains an aspartic acid rich domain that has no predicted 
interaction partners.  
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Figure 7: 2L3443 is a nonsense mutation resulting in a truncated Tango1 protein. (A) Schematic 
representation of human TANGO1. ss, signal sequence; SH3, Src homology 3-like domain; TM, transmembrane 
domain. Red star marks the site of nonsense mutation. (B) Western blot of protein extracts from stage 16 
embryos probed with anti-Tango1 and anti-β-tubulin antibodies. Tubulin served as a loading control. 
Tango12L3443 (red arrow) is reduced in size compared to the wild type Tango1 (black arrow).  

To test whether the truncated form of the protein is translated, the endogenous Tango1 was 
examined in samples from embryos (stage 16) on SDS-PAGE Western blots using a Tango1 
antibody51 (Figure 7B). The predicted molecular weight of Drosophila Tango1 is 159 kDa. 
However, The Drosophila Tango1 actually migrates between 250 – 300 kDa, much higher 
than the expected molecular mass, which has also been reported for mammalian Tango150. 
Western blotting showed that, the wild type has one band recognized by the Tango1 antibody 
of approximately 275 kDa corresponding to Tango1, representing the wild type from of 
Tango1. In tango12L3443/+ heterozygous embryos two bands can be seen (Figure 7B): a higher 
one corresponding to the wild type Tango and a lower one of approximately 266 kDa. The 
lower band seen in both the heterozygous and homozygous mutant embryos was absent in the 
wild type and therefore likely to corresponds to the truncated mutant Tango1. Homozygous 
mutant embryos should only have truncated form of Tango1 and thus only the lower band 
should be present. The fact that, the homozygous mutant embryos, like the heterozygous, also 
displayed both the full length and truncated form of Tango1 bands, it is likely that, at this 
stage in development, some maternally provided tango1 mRNA remains in the embryo. This 
shows that the tango12L3443/2L3443 allele results in the expression of a truncated form of 
Tango1. 

2.4.4 The Tango1 C-terminus and Sec16 are required for Tango1 
localization at the ERES 

To analyze endogenous Tango1 localization in terminal cells, we again took advantage of the 
anti-Tango1 antibody51. In a previous study, this antibody was used to show that Tango1 
localized to the ERES in follicular epithelia of flies, as shown by colocalization with the cis-
Golgi marker GM130 and COPII-associated Sar151. Tango1 in terminal cells also localized to 
punctate structures that corresponded to the ERES as seen by colocalization with ERES 
marker Sec16, a COPII-associated molecule (Figure 8A). In tango12L3443/2L3443 clonal cells, 
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these punctate structures were no longer visible and Tango1 appears to be diffusely 
distributed in the cytoplasm (Figure 8B). This suggested that the 89 N-terminal amino acids 
are required for Tango1 localization at ERES. In addition, the ERES morphology was altered 
in tango12L3443/2L3443 clonal cells as seen by enlarged puncta, indicating that Tango1 might be 
required for normal organization of ERES. 

 

Figure 8: C-terminal end is required for Tango1 to ERES. Potential colocalization of Tango1 and Sec16 in 
clonal terminal cells in (A) control and (B) tango12L3443/2L3443. Tango12L3443 protein was not colocalized with 
Sec16. The Tango1 and Sec16 signal in the surrounding, wild type tissue remains normal. Scale bars: 10 µm. 

During initiation of COPII coat assembly, Sec16 is required for the recruitment of the COPII 
components to ERES and has therefore been proposed to be required for ERES organization. 
To test whether Tango1 recruitment to ERES depends on Sec16, we looked at the subcellular 
localization of Tango1 in cells expressing Sec16-RNAi. As mentioned earlier, in the wild 
type, Tango1 was localized in punctate structures in terminal cells (Figure 8A). In Sec16-
depleted cells Tango1 was diffusely distributed in the cytoplasm (Figure 8B), suggesting that 
Tango1 is recruited to ERES in Sec16-dependent manner.  
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Figure 9: Tango1 localization to ERES depends on Sec16.Nuclear region of a terminal cells expressing 
mCD8.mCherry to visualize the cell boundary stained for Tango1. Tango1 appears to localize to discrete 
puncta. (B) Nuclear region of terminal cells expressing Sec16-RNAi and mCD8.cherry. Tango1 in cells 
expressing Sec16-RNAi was no longer found in discrete puncta but to have a more cytoplasmic distribution. 
Scale bars: 5 µm. 

2.4.5 The tango12L3443/2L3443 allele is not a complete loss of 
function allele. 

As the tango12L3443/2L3443 mutation only results in a small truncation of the protein, we 
wondered whether this would result in a complete loss of function of Tango1. If so, the allele 
phenotype should be similar to the effects of depleting the cell of Tango1. Hence, we tested 
the effects of Tango1 depletion by expressing tango1-RNAi in terminal cells.  

Because expression of the tango1-RNAi under the control of breathless-GAL4 (a promoter 
that expresses in the entire trachea) resulted in early larval lethality at a similar stage as seen 
in tango12L3443/2L3443 homozygous mutant animals, we were unable to examine the phenotype 
in larval terminal cells. However, by driving the expression of tango1-RNAi under the control 
of SRF-GAL4, another driver that is active in terminal cells, did not result in early larval 
lethality and allowed us to examine the phenotype of third instar terminal cells depleted of 
Tango1. However, to ensure that the tango1-RNAi expression under the control of SRF-
GAL4 truly results in Tango1 depletion, we examined the endogenous levels of Tango1 by 
immunostaining. To test the efficiency of the Tango1 depletion, we stained for Tango1 in 
control cells and cells expressing tango1-RNAi under the control of SRF-GAL4 
(Supplementary figure 1). This shows that expression of the tango1-RNAi results in the loss 
of Tango1. Therefore, it is likely that the phenotype seen upon tango1-RNAi expression 
reflects a complete loss of Tango1.  
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Figure 10: Depletion of Tango1 in terminal cells.Overview of control terminal cell and (B) cell expressing 
tango1-RNAi. (C) The number of branches in control and tango1-RNAi terminal cells. Bars represent the mean 
± SD. Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Control, n = 8; 
tango1-RNAi, n = 9. (D) The percentage of terminal cells with normal air-filling of lumen in control, tango1-
RNAi and tango12L3443/2L3443 clones. Control, n = 8; tango1-RNAi, n = 9; tango12L3443/2L3443, n = 14. (E) 
Quantification of percentage reduction of branching in tango1-RNAi and tango12L3443/2L3443 terminal cells. 
Control, n = 8; tango1-RNAi, n = 9; tango12L3443/2L3443, n = 23. Scale bar: 40 µm. 

The terminal cell phenotype in Tango1-depleted cells was similar to the phenotype in 
tango12L3443/2L3443 mutant clones (Figure 10). The cells were not filled with air and they had 
greatly reduced branching points (Figure 10C, D). The number of branches in the tango1-
RNAi was reduced by 69% when compared with control cells, whereas the tango12L3443/2L3443 
showed 34% reduction (Figure 10E). Additionally, the expression of tango1-RNAi driven by 
SRF-GAL4 reduced the overall size of the animals (data not shown). All the phenotypes 
observed in tango1-RNAi appear be more severe to tango12L3443/2L3443 mutant clones, 
suggesting that the tango12L3443/2L3443 mutation does not cause a complete loss of function of 
Tango1.  
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2.4.6 The role of Tango1 in collagen trafficking in terminal cells  

Mammalian Tango1 guides the loading of Collagen VII into specialized COPII vesicles at the 
ERES50. Similarly, Drosophila Tango1 is required for Collagen IV secretion in the fat body53. 
We therefore tested whether the defects resulting from Tango1 knockdown or 
tango12L3443/2L3443 might be caused by deficient collagen secretion.  

 

Figure 11: The basement membrane of terminal cells is enriched in collagen. (A) Collagen, visualized with a 
GFP trap in the gene vkg, surrounds the entire terminal cell. (B) Terminal cells expressing tango1-RNAi were 
also surrounded with collagen. The depletion of Tango1 does not lead to a build-up of intracellular collagen. 
Scale bars: 5 µm. 

Collagen IV is a major component of the basement membrane that surrounds all organs, 
including terminal cells. Drosophila CollagenVI is encoded by two genes, viking (vkg) and 
Collagen at 25C (Cg25C)130, 131. Recent studies, using a collagen GFP-trap, showed that most 
Collagen IV in larvae is synthesized by the fat body and transported from there via the 
hemolymph to the basement membrane of other tissues53. This raised the question whether the 
transport of collagen was affected in terminal cells depleted of Tango1. To test this we 
analyzed Vkg expression in terminal cells of both wild type and Tango1 knockdown larvae 
using the same Vkg-GFP protein trap (Figure 11A). Vkg was entirely absent from the 
cytoplasm, but was found in the basement membrane that surrounds the entire terminal cell in 
both backgrounds. Reports from fat body cells showed that, under normal circumstances, Vkg 
could not be visualized within the cell due to its rapid export. In these cells, if the export of 
Vkg was prevented in the absence of Tango1, it would be expected to accumulate in the 
cytoplasm. We tested whether such increase in intracellular levels of collagen would also 
occur in terminal cells lacking Tango1, by expressing tango1-RNAi in terminal cells (Figure 
11). However, this did not result in detectable levels of intracellular Vkg, suggesting that 
Tango 1 is not required for Vkg transport in terminal cells. 
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Figure 12: Collagen surrounding the terminal cell is provided by the fat body. Quantification of Vkg levels 
around the terminal cells in cells expressing vkg-RNAi under the control of SRF-GAL4 (terminal cells) or Lpp-
GAL4 (fat body). Bars represent the percentage of collagen signals in cells expressing vkg-RNAi compared with 
cells expressing no RNAi ± SD. One-way analysis of variance (ANOVA): ns = p>0.05, * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001. n = 12 – 15. 

To test whether the Vkg surrounding the terminal cells was produced by the fat body or by the 
terminal cells themselves, we knocked down Vkg in both cell types and measured the levels 
of Vkg in the basement membrane surrounding the terminal cells. Vkg levels surrounding the 
terminal cell were greatly reduced when vkg-RNAi was expressed in fat body but it was 
unaffected when expressed by terminal cells themselves (Figure 12). This indicates that the 
Vkg present in the basement membrane surrounding the terminal cell is mostly produced by 
the fat body and not by the terminal cells. 

 

Figure 13: Vkg is not required for terminal cell morphology. (A) The number of branches in control and vkg-
RNAi terminal cells. Bars represent the mean ± SD. Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** 
= p<0.001, **** = p<0.0001. Control, n = 8; vkg-RNAi, n = 13. (B) The percentage of terminal cells with 
normal air-filling of lumen in A. 
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To test examine whether Vkg plays a role in terminal cell morphology, we expressed vkg-
RNAi and compared the effects to that of control terminal cells. Analysis of terminal cells 
expressing vkg-RNAi showed no significant reduction of branches (Figure 13A) and normal 
air-filling of the lumen (Figure 13B). Taken together this strongly suggested that collagen is 
not expressed in terminal cells. Thus deficient Vkg secretion cannot account for the defects in 
terminal cells expressing tango1-RNAi or in tango12L3443/2L3443 mutant clones, indicating that 
Tango1 must have additional, collagen-independent, role in terminal cells.  

2.4.7 Tango1 is required for Golgi organization  

Drosophila Tango1 was originally identified in a genome-wide RNAi mediated interference 
screen in S2 cells48. This screen identified genes required for the secretion of horseradish 
peroxidase and the organization of Golgi membranes. In cells stably expressing mannosidase 
II (ManII)-GFP, a marker of cis and medial Golgi, the Golgi membrane appears as discrete 
units around the nucleus juxtaposed to the ERES. In S2 cells expressing tango1-RNAi, ManII 
was no longer found in the Golgi but in the ER, possibly due to a blockage of trafficking from 
the ER.  

 

Figure 14: Tango1 is required for ER and Golgi juxtaposition. Golgi (ManII) and ERES (Sec16) localization 
in (A) control and (B) tango1-RNAi expressing terminal cells. (A) In control terminal cells the ERES and Golgi 
were apposed each other. (B) In terminal cells expressing tango1-RNAi the ERES and Golgi colocalized with 
each other. Red dashed lines mark the cell outline. Scale bars: 5 µm. 

To test whether Tango1 is required for Golgi organization in terminal cells, we analyzed the 
localization of ManII in Tango1-depleted terminal cells. In wild type terminal cells, ManII 
was found juxtaposed to the ERES marker, Sec16 (Figure 14A). However, in terminal cells 
expressing tango1-RNAi the ManII and ERES colocalize (Figure 14B). Additionally, the 
ManII puncta appear to be larger in Tango1 depleted cells. This could suggest that the ManII 
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reporter has shifted from the Golgi to the ERES and that the ERES morphology was affected 
by Tango1 depletion, suggesting a role for Tango1 in Golgi and ERES organization in 
terminal cells. 

2.4.8 Tango1 overexpression affects ER distribution 

As was stated above, endogenous Tango1 is found as distinct units corresponding to ERES as 
seen by colocalization with Sec16. Overexpression of Tango1 tagged with either N-terminal 
HA-FLAG (data not shown) or C-terminal GFP (Figure 15A-H) was found in a large domain 
surrounding the nucleus and in punctate structures in terminal cell branches. To test whether 
this enlarged domain of Tango1 corresponds to ERES, we expressed Tango1-GFP and 
visualized the ERES using Sec16 and Sec23, a component of the COPII coat. This showed 
that Sec16 colocalized with Tango1-GFP in these large domains surrounding the nucleus 
(Figure 15B), whereas Sec23 did not (Figure 15D). Sec23 appears to be excluded from the 
Tango1 domains, implying that the overexpression of Tango1 enlarges the Sec16 domain but 
does not affect the COPII assembly at the ERES. 
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Figure 15: Overexpression of Tango1 affects ER morphology but not Golgi. (A) In control terminal cells the 
ERES marker, Sec16, was localized in discrete puncta. (B) In Tango1.GFP expressing terminal cells Sec16 in 
addition to the punctate localization, it also colocalized with Tango1.GFP around the nucleus. (C) The COPII 
core component, Sec23, was found in enriched patches in terminal cells. (D) In Tango1.GFP expressing terminal 
cells Sec23 remained patchy, but appeared to be excluded from areas containing Tango1.GFP. (E) The ER 
marker, KDEL, is normally found in discrete cytoplasmic puncta. (F) In terminal cells expressing Tango1.GFP 
the KDEL colocalized with Tango1.GFP. (G) The Golgi marker, galactosyltransferase (RFP.Golgi), was 
distributed throughout the cytoplasm in discrete puncta. (H) In Tango1.GFP expressing terminal cells the Golgi 
distribution appeared to be unaffected. Scale bars: (C, D) 10 cm and (A, B, E-H) 20 µm. 

To investigate whether the overexpression of Tango1 only enlarges the ERES or also the ER, 
we expressed Tango1-GFP along with an ER reporter, KDEL. KDEL localized to punctate 
structures that correspond to the ER (Figure 15E). In terminal cells expressing Tango1-GFP 
the ER was found to localize to the large Tango1-GFP domain surrounding the nucleus 
(Figure 15F). Therefore, Tango1 overexpression not only enlarges the ERES but also the ER.  

Additionally, we investigated whether Tango1 overexpression affected Golgi morphology, by 
using a trans-Golgi marker, galactosyltransferase (RFP.Golgi). In a wild type background, the 
marker was localized to punctate structures that correspond to the discrete Golgi units (Figure 
15G), however, upon Tango1 overexpression these units were larger and less distinct in the 
regions of the cell where Tango1 expression was the highest (Figure 15H). Taken together 
these results suggest that the enlargement of the ER and ERES caused by Tango1 
overexpression also affects the structure of the Golgi.  

2.4.9 Tango1 is required for general protein delivery 

Sec16 is required for recruiting the COPII machinery to ERES and to initiate coat 
assembly127. The expression of a sec16-specific RNAi in S2 cells leads to the disruption of 
ERES and the absence of Golgi stacks127. Furthermore, Sec16 depletion resulted in the 
accumulation of cargo proteins in the ER, suggesting a block in anterograde trafficking. The 
knockdown of other components of the COPII coat have also been reported to cause cargo 
retention in the ER and Golgi absence127. Similarly, we showed that the depletion of Tango1 
resulted in the accumulation of the ManII at the ER. However, whether this is a general effect 
for cargo proteins or specific for a subset of proteins is not clear. It is also unclear whether the 
Golgi stacks are present or not.  
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Figure 16: COPII components affect terminal cell branching and air-filling. Overview of control terminal 
cells and cells expressing (B) tango1-RNAi, (C) sec16-RNAi, (D) sec23-RNAi and (E) sec31-RNAi. (F) 
Quantification of number of branching points in control and RNAi expressing terminal cells. Bars represent the 
mean ± SD. One-way ANOVA with Dunnett’s multiple comparisons test: ns = p>0.05, * = p<0.05, ** = p<0.01, 
*** = p<0.001, **** = p<0.0001. Control, n = 8; tango1-RNAi, n = 9; sec16-RNAi, n = 5; sec23-RNAi, n = 11; 
sec31-RNAi, n = 8. (G) The percentage of terminal cells with normal air-filling of lumen in (F). Scale bars: 40 
µm. 

Many components of the COPII machinery (Sar1, Sec13, Sec23 and Sec24) have been shown 
to be required for tube diameter growth and apical and basal secretion of ECM components45, 

47. To test whether the depletion of COPII components has similar effects on terminal cell 
morphology as Tango1 depletion, we expressed a subset of COPII specific RNAi in terminal 
cells, to knock down Sec16, Sec23 and Sec31. The depletion of any of these components 
affected the morphology of the terminal cells (Figure 16A-E) and resulted in the reduction of 
branch number as well as air-filling problems, similar to the effect caused by tango1-RNAi 
expression in these cells (Figure 16F, G).  
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Figure 17: Tango1 in the fat body is required for ManII localization to discrete puncta. Golgi (ManII) and 
ERES (Sec16) localization in (A) control and (B) tango1-RNAi expressing larval fat body. (A) In control fat 
bodies the ERES and Golgi were found as discrete puncta apposing each other. (B) In fat body cells expressing 
tango1-RNAi the ManII was distributed throughout the cell (excluding the fat droplets) but Sec16 appeared 
unaffected, although the number of ERES appeared reduced. Scale bars: 10 µm. 

The similarity in phenotypes could suggest that the expression of tango1-RNAi leads to a 
general block of transport of material from the ERES, similar to the block seen upon the 
depletion COPII components. To test whether the depletion of Tango1 in Drosophila affects 
general anterograde trafficking, a number of proteins known to be secreted or trafficked to the 
plasma membrane were expressed in the fat body a single-cell thick tissue composed of fat 
cells, chosen because they can be easily visualized due to their large size and Tango1 has 
already been shown to affect collagen secretion in those cells53.  

To test whether the fat body would serve as a good tissue to test the role of Tango1 in 
trafficking of various proteins we analyzed whether the localization of the Golgi reporter 
ManII is affected in fat cells expressing the tango1-RNAi, as it was in S2 and terminal cells. 
In control fat body cells, ManII was localized in discrete puncta (Figure 17A). In fat cells 
expressing tango1-RNAi the ManII appeared to be diffusely distributed throughout the cell, 
suggesting that Tango1 is not only required for ManII localization in S2 cells and terminal 
cells but also the fat body (Figure 17B). Furthermore, ERES appeared to be less in tango1-
RNAi-expressing cells, as shown by Sec16 staining.  
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Figure 18: Tango1 is required for the trafficking of Golgi markers. The Golgi marker GRASP65 in (A) 
control and (B) in tango1-RNAi expressing larval fat cells. (A) In control cells, GRASP65 localized in discrete 
puncta within the cell. (B) In cells expressing tango1-RNAi the discrete puncta disappeared and the signal was 
more diffuse. Golgi (galactosyltransferase) in (C) control and (D) in tango1-RNAi expressing larval fat cells. (C) 
Golgi appeared as intracellular puncta in control cells. (D) In cells expressing tango1-RNAi the Golgi appeared 
unaffected. The cell nucleus was visualized with DAPI (red). Scale bars: 10 µm. 

To confirm whether Tango1 is generally required for Golgi organization, we tested whether 
its depletion affected the trafficking of GRASP65, a Golgi resident protein, and the trans-
Golgi marker, galactosyltransferase (named RFP.Golgi). These Golgi markers were localized 
to punctate structures that correspond to the discrete Golgi units (Figure 18A, C). In Tango1 
depleted cells, the GRASP65 and RFP.Golgi were more diffuse and the discrete puncta were 
fewer. Additionally, the puncta that were present appear bigger, which is similar to what was 
seen in terminal cells (Figure 18B, D). However, whether these GRASP65 and 
galactosyltransferase puncta in Tango1-depleted cells are localized to or Golgi or ER is not 
clear. Together, this suggests that Tango1 depletion affects the distribution of not only ManII 
but also of Golgi resident proteins and the trans-Golgi network.  
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Figure 19: Tango1 is required for general trafficking. Gasp in (A) control and (B) in tango1-RNAi 
expressing larval fat cells. (A) In control cells the Gasp could be seen as intracellular puncta; however, much of 
the Gasp might have been secreted from the cell and therefore could not be seen. (B) In cells expressing tango1-
RNAi, Gasp was retained within the cytoplasm. Nuclei were smaller than in the control as these animals were 
slightly younger than the control. Crumbs (CrbextraTM) in (C) control and (D) in tango1-RNAi expressing larval 
fat cells. (C) Crumbs localized to the plasma membrane in control cells. (D) In cells expressing tango1-RNAi, 
Crumbs was localized in aggregates within the cytoplasm. The cell nucleus was visualized with DAPI (red). 
Scale bars: 10 µm. 

Additionally, we analyzed the effects of Tango1 depletion in fat cells in the trafficking of 
Gasp, a molecule normally secreted into the lumen of tracheal tubes, and Crumbs, a 
transmembrane protein that is usually localized at apical membranes. In control cells Gasp 
was visible as intracellular puncta (Figure 19A), whereas in Tango1-depleted cells, Gasp 
appeared to fill the entire cytoplasm (Figure 19B). Crumbs was strongly enriched at the 
plasma membrane in control fat cells (Figure 19C) and accumulated in intracellular 
compartments in Tango1 depleted cells (Figure 19D). Thus, Drosophila Tango1 is not only 
required for the trafficking of collagen but also other molecules such as Gasp and Crumbs. 
This indicates that Tango1 has a more general role in trafficking in Drosophila cells. 

2.4.10 The apical localization of Piopio depends on Tango1 

The lack of collagen expression in terminal cells shows that a block in collagen secretion 
cannot explain the phenotype in tango12L3443. Thus, Tango1 must have a different role in 
terminal cells. The air filling problems of the tube in tango12L3443 suggest that the mutation 
might affect tube maturation, a process in which several other proteins, such as Vermiform, 
Serpentine and Piopio, are known to play a role.  
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Figure 20: Piopio localization is affected in tango12L3443/2L344 mutant clones. Piopio staining in (A) control 
and tango12L3443/2L3443 mutant terminal cell clones. In control clones, Piopio was enriched tightly at the tube 
membrane. In the tango12L3443/2L3443 mutant clones the luminal enrichment was lost and Piopio was found in the 
cytoplasm. Scale bars: 5 µm. 

Piopio is a transmembrane protein secreted to the apical side where it is thought to be cleaved 
to release the extracellular domain into the lumen where it forms a matrix with other 
proteins132. It has been proposed that Piopio, along with Papillot, are required for linking the 
apical surface of the cell with the overlying apical ECM132. Piopio was shown to be required 
for the maturation of the multicellular and unicellular tubes in flies128 and to localize at the 
tube membrane. To test whether Tango1 is required for the trafficking of Piopio to the apical 
membrane, we analyzed the localization of Piopio in tango12L3443/2L3443 mutant clones. In 
control terminal cells, Piopio was enriched tightly at the apical membrane (Figure 20A), 
whereas it was more cytoplasmic in tango12L3443/2L3443 mutant clones (Figure 20B). This 
suggests that Tango1 is required for Piopio targeting to the tube, making Piopio a candidate 
affecting tube maturation in terminal cells. 
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Figure 21: Piopio is not required for terminal cell morphology.Overview of control terminal cells and cells 
expressing piopio-RNAi. (B) Quantification of number of branching points in control and piopio-RNAi terminal 
cells. Bars represent the mean ± SD. Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001. Control, n = 8; piopio-RNAi, n = 9. (C) The percentage of terminal cells with normal air-
filling of lumen in A.  

To test the efficiency of the Piopio depletion, control cells and cells expressing piopio-RNAi 
under the control of SRF-GAL4 were stained for Piopio (Supplementary figure 2). This shows 
that expression of the piopio-RNAi results in the loss of Piopio. To examine the whether 
Piopio plays a role in the tube maturation in terminal cells, we expressed piopio-RNAi and 
compared the effects to that of tango1-RNAi. Terminal cell expressing piopio-RNAi did not 
have any obvious phenotype (Figure 21A). Quantification of the number of branches (Figure 
21B) showed no significant difference (p = 0.69) when compared with the control terminal 
cells. The air-filling of the lumen was also not affected (Figure 21C), indicating that Piopio is 
not required for terminal cell morphology. Moreover, piopio mutant terminal cells had no 
detectable defects (unpublished data, Magdalena Baer). This suggests that the mislocalization 
of Piopio in tango12L3443/2L3443 mutant clones is not the cause of the air-filling or the branching 
defects, making Piopio an unlikely candidate causing the phenotype in tango12L3443/2L3443 
mutant clones.  
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2.5 Discussion 

2.5.1 Tango1 localization to ERES 

The Drosophila tracheal system has commonly been used as a model to study molecular and 
cellular mechanisms in lumen formation. Several screens performed in the past have 
identified some of the genetic and cellular components required for tracheal development in 
fruit flies112-114, 116, 117. However, mutant phenotypes of many genes involved in this process 
cannot be identified due to the genes’ requirement at earlier developmental stages. This can 
be overcome by generating genetically mosaic organisms133. Introducing mutant clones 
surrounded by wild type tissue is a powerful tool to identify genes that play a role in later 
stages of tracheal development. Here we have identified that the 2L3443 allele as a mutation 
in tango1. The tango12L3443/2L3443 mutation reduces the number of branches in terminal cell 
clones and affects the air-filling of the lumen. We have shown that the tango12L3443 allele is 
only a mild allele and that the depletion of Tango1 using tango1-RNAi results in a more 
severe phenotype. The defect in tango12L3443 was caused by a nonsense mutation right after 
the PRD domain of Tango1, resulting in an 89 amino acid truncation of the Tango1 protein. 
We have shown that these 89 amino acids were required for the localization of Tango1 to 
ERES in terminal cells. Previous studies in systems have reported that mammalian TANGO1 
interacts with Sec23A and Sec24C via the PRD domain and that the PRD domain is required 
for the localization of TANGO1 to ERES50. However, because these reports were based on 
experiments using TANGO1 truncated before the PRD domain, it is unclear whether the PRD 
domain itself or the C-terminal part of the protein mediate the interaction of TANGO1 with 
Sec23/Sec24 and are required for the localization of TANGO1 to ERES. Here, our data on 
Drosophila Tango1 suggest that the amino acids following the PRD domain play a substantial 
role in Tango1 localization to ERES. It will be interesting to test whether these 89 amino 
acids are required for mediating the interaction of Tango1 with Sec23 or Sec24.  

We have also reported that Sec16 was required for Tango1 localization to ERES. Unlike 
mammalian Sec16, the Drosophila Sec16 is required for the recruitment of the COPII core 
components, Sec23/24 and Sec13/31 to ERES127. Therefore, it is likely that Tango1 does not 
get recruited to the ERES in the absence of Sec16 due to the lack of Sec23/24 at the ERES. 
However, we cannot at this point exclude the possibility that Sec16 itself interacts with 
Tango1 and recruits it to ERES. It will be important to test whether Tango1 is recruited to 
ERES in the absence of Sec23 and Sec24.  

2.5.2 Drosophila Tango1 has a more general role in protein 
trafficking than mammalian TANGO1 

Originally, mammalian TANGO1 was shown to be required for the trafficking of collagen by 
loading it into large COPII vesicles at the ERES50. Similarly, the depletion of Drosophila 
Tango1 was later shown to block the transport of collagen in fat body cells and follicular 
epithelia, the two tissues reported to produce Collagen IV51, 53. We have shown that terminal 
cells do not express high levels of collagen and that the collagen surrounding terminal cells 
was mostly provided by fat body cells. Therefore, the defects seen in terminal cells depleted 
of Tango1 and tango12L3443 mutants were not likely to be caused by lack of collagen transport 
in terminal cells. This prompted us to test whether Tango1 was required for the trafficking of 
other molecules. We found that, unlike the mammalian TANGO1, Drosophila Tango1 
appears to be required for the trafficking of various transmembrane and secreted proteins in 
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both terminal cells and fat body cells. The mammalian TANGO1 has been shown to be 
required exclusively for the secretion of Collagen VII and horseradish peroxidase, but not 
molecules such as Collagen I, vesicular stomatitis virus GP and alkaline phosphatase50, 55. 
However, it was suggested that the effects on horseradish peroxidase secretion were 
associated with the overexpression of an exogenously expressed molecule. Although we have 
shown that the localization of endogenous Piopio was affected in tango12L3443/2L3443 mutants, 
it is important to identify the effects of Tango1 depletion on intracellular trafficking of other 
endogenously expressed molecules in Drosophila terminal cells.  

2.5.3 ER and Golgi morphology affected by Tango1 levels  

Whether Tango1 is directly required for Golgi organization or it is only required for the 
trafficking of molecules to Golgi that in turn are required for Golgi organization is not clear. 
Upon Tango1 depletion, the molecular markers of the Golgi form fewer but seemingly larger 
puncta in terminal and fat body cells (excluding ManII in fat body which showed more 
cytoplasmic distribution). The larger puncta could represent larger ER structures caused by a 
block in transport. However, in terminal cells ManII appears to surround the ER (Figure 5), 
which could be due to a disruption in the polarized organization of the ER-Golgi. Future 
experiments are needed to examine the presence and organization of Golgi in these cells by 
electron microscopy. In addition, since fluorescent ER reporters suggest that the ER and 
ERES are highly enlarged in cells overexpressing Tango1, it would be interesting to visualize 
the ER structures using electron microscopy in these cells. 

Because the effect of TANGO1 depletion in mammalian cells was nearly abolished in cells 
with reduced collagen secretion, it has been suggested that the effect of mammalian TANGO1 
depletion on ER and ERES is a consequence of collagen accumulation50. However, this is 
unlikely to be the case in Drosophila terminal cells that lack Tango1 or carry the tango12L3443 
mutation, as these cells produce no collagen. To corroborate this, it would be necessary to test 
whether depleting both collagen and Tango1 from the same cells has any effect on both ER 
and Golgi morphology and on protein trafficking. 

2.5.4 tango12L3443 terminal cells have defective luminal clearance 

Although trafficking of multiple proteins is affected upon the depletion of Tango1, we have 
so far not been able to fully explain the phenotype caused by the tango12L3443 mutation. We 
know that the terminal cell mutants had problems with maturation (i.e. lack of air-filling) and 
that the localization of Piopio to the luminal membrane was affected. Most frequently, 
tracheal studies have focused on the early events tubular organ formation, however, some 
studies have looked into later events such as the maturation of the lumen117. The maturation 
process is required for expanding the lumen to its appropriate diameter, stabilizing the 
structure of the lumen, and providing it with properties required to fulfill its physiological 
function. Studies have shown that the tube of the tracheal dorsal trunk goes through three 
steps of maturation in order to create a functional air-filled lumen45. Sar1-mediated secretion 
is required for expand the luminal diameter and depositing proteins into the lumen. 
Subsequently, Rab5-dependent endocytosis removes solid material from the lumen and lastly 
liquid material is cleared using an unknown mechanism. The lumen of tracheal cells, 
defective in early maturation i.e. luminal secretion (mutants of Sar1 and Sec23) have reduced 
lumen diameter. Conversely the lumen of tracheal cells, defective in luminal clearance as seen 
by Rab5 mutation, have normal diameter but the luminal proteins are retained within the 
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structure. As the lumen in tango12L3443 mutants appears to be normal, it is likely that the later 
stages of maturation are defective. It is interesting that a protein that is required for secretion 
would have an additional role in lumen clearance. However, the effect might be an indirect 
one, by affecting the trafficking of certain protein/s that are required for the clearance of the 
lumen. Future experiments will investigate whether there are problems in clearing solid or 
liquid material from the lumen. This study has highlighted the importance of vesicular 
trafficking in terminal cells as well as revealing a striking difference between the potential 
function of Tango1 in Drosophila and mammalian cells. According to the Bgee database49 
(database for gene expression patterns) both mammalian TANGO1 and Drosophila Tango1 
are expressed in multiple tissues, including tissues that do not secrete collagen. Therefore, it is 
not surprising that Tango1 not only plays a role in collagen trafficking but also of other yet 
unidentified proteins.  
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2.6 Supplementary figures 

2.6.1 Testing the efficiency of tango1-RNAi knockdown 

 

Supplementary figure 1: The expression of tango1-RNAi depletes endogenous Tango1. (A) Tango1 
localizes to discrete puncta in control cells. (B) Tango1 staining was absent in terminal cells expressing tango1-
RNAi. Scale bars: 5 µm. 
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2.6.2 Testing the efficiency of piopio-RNAi knockdown 

 

Supplementary figure 2: The expression of piopio-RNAi depletes endogenous Piopio. (A) Piopio localized 
to the apical membrane in control cells. (B) Piopio staining was mostly absent in terminal cells expressing 
piopio-RNAi. Scale bars: 10 µm. 
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3 The role of Rab8 in Drosophila 
tracheal terminal cell development 

Sara Sigurbjörnsdóttira, N. JayaNandanana, Maria Leptina,b 
a EMBL, Heidelberg, Germany 
b Institute of Genetics, University of Cologne, Cologne, Germany 

3.1 Abstract 
The Drosophila tracheal system is a highly branched and interconnected network of tubes 
transporting and supplying oxygen to tissues. The oxygen delivering outposts of the tracheal 
system are specialized cells with oxygen-carrying intracellular tubes. The genetic and 
molecular regulation of intracellular tube formation in terminal cells is a poorly understood 
process. We identified Rab8 in an RNAi screen as a gene required for the development of 
intracellular tubes in terminal cells. Rab8 regulates diverse aspects of vesicular trafficking in 
vertebrate cells, including the transport of cargos from the trans-Golgi network to the apical 
or basolateral plasma membrane, regulation of recycling endosomes and regulation of apical 
protein localization. Depletion of Rab8 in Drosophila terminal cells results in a reduced 
number of branches and defects in tube morphology. βPS-integrin, a transmembrane protein 
localized at the basolateral membrane, and Crumbs, a transmembrane protein localized 
apically, are both mislocalized in terminal cells depleted of Rab8. We hypothesize that in 
Rab8-depleted cells there is a failure in efficient membrane delivery to the basolateral 
membrane. 

3.2 Introduction 
The Drosophila tracheal system is a branched network of epithelial tubes that transport air to 
tissues. A subset of tracheal cells, the terminal cells, will ramify extensively forming highly 
branched cells that contain subcellular tubes for gas transport. The lumen is formed de novo 
and has been proposed to form by two different processes, either by cell hollowing or by 
plasma membrane invaginations1, 44. However it is likely that both processes might play a role 
in the creating and extending the lumen. In cell hollowing, the lumen forms intracellularly 
through the coalescence of vesicles and then connects the elongated lumen to the plasma 
membrane, whereas in plasma membrane hollowing the apical plasma membrane invaginates 
and is extended into the inside of the cell4.  

Terminal cells increase their size at least hundred fold over two days of larval growth. This 
rapid growth calls for a large quantity of membrane for delivery to both the outer plasma 
membrane and the apical plasma membrane that makes up the subcellular tube. It is important 
that the cell maintains a balance in membrane delivery to these two domains. How the 
trafficking of membrane material is controlled and how it contributes to the terminal cell 
morphology remains unclear? However, few studies have highlighted the importance of 
vesicular trafficking in terminal cell morphology. For example, the exocyst complex, an 
octameric complex that mediates vesicular docking and tethering at the plasma membrane, is 
required for vesicular delivery to both apical and basolateral membrane domains in terminal 
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cells110. Exocyst-deficient cells have shorter branches and defective lumen. Similarly, 
vesicular trafficking has been shown to deposit membrane along the entire length of the tube, 
not just to the growing end of the lumen44. Disturbing normal polarization of microtubules 
affects this balance of membrane delivery along the lumen as seen by the over- or inactivation 
of Rab35, that increases apical membrane delivery either to the distal end of the lumen or 
closer to the nucleus, respectively111.  

Here we show that Rab8 plays a role in terminal cell development, as the depletion of Rab8 
affects branch formation and lumen morphology. Mammalian Rab8 plays a role in secretory 
trafficking, either directly from the trans-Golgi network (TGN) to both basolateral and apical 
plasma membrane, or through recycling endosomes (RE)74, 76, 77, 79. Analysis of proteins 
localized apically and basolaterally in Rab8-depleted terminal cells shows that Rab8 is 
required for delivery of both apically and basolaterally destined vesicles, as in mammalian 
systems. Moreover, we suggest the reduced branch numbers and tangled tube formed in 
Rab8-depleted cells is a result of an imbalance in membrane targeting, with a substantial 
reduction of membrane delivery to the basolateral membrane.  

3.3 Materials and Methods 

3.3.1 Fly stocks 

The ptc-GAL4 line (ptc-GAL4, UAS-GFP), a gift from Thomas Klein134, and btl-GAL4118 
were used to drive the expression of the UAS transgenes in wing discs and tracheal cells, 
respectively. The UAS-Dicer2 (#60008), UAS-Rab8-RNAi (#28092) and UAS-talin-RNAi 
(#40399) lines were obtained from the Vienna Drosophila RNAi Center. UAS-Dicer2 was 
expressed along with the UAS-RNAi lines in order to enhance their function. The UAS-nSyb 
(#6921), UASp-RFP.Golgi (#30907), UAS-Rab11.GFP (#8506), UAS-Rab4 (#8505) 
UASp.Rab3WT (#9763), UASp-YFP.Rab8WT (#9782), UASp-YFP.Rab8CA (#9781) and 
UASp-YFP.Rab8DN (#9780) lines are available from the Bloomington Drosophila Stock 
Center. The UASt-YFP.Rab3WT, UASt–YFP.Rab8WT, CA and DN were generated from 
corresponding UASp constructs by PCR amplification of the YFP.Rab8 wild type (WT), 
constitutively active (CA) and dominant negative (DN) from genomic DNA of corresponding 
lines from Bloomington using pUASp primers (forward genomic primer 5’-
TGACTGTGCGTTAGGTCCTG-3’ and reverse genomic primer 5’-
TGGGAGTACACAAACAGAG-3’). The PCR product was cloned using a TOPO-TA 
cloning kit (Invitrogen). The YFP.Rab8WT/CA/DN were excised from the pCRII-TOPO with 
NotI and XbaI and placed into pUAST-attB. These constructs were then injected into 
VK00037125 to generate transgenic fly lines according to standard protocols126. The UAS–
tagRFP.Rab8WT, CA and DN were generated by PCR amplification of the Rab8WT, CA and 
DN from the pUAS transgenes described above using primers with homology to tagRFP on 
one end and a XbaI restriction sites on the other (forward primer 5’-‐
ACCGGATCTAGATCCGGACTCAGATCTCGAGCTCA-3’ and reverse primer 5’-
ATCTGAGTCCGGATCTAGATCCGGTGGATCCCG-3’). tagRFP (Evrogen) was PCR 
amplified from pTagRFP2 with NotI restriction site on one end and homology to Rab8 on the 
other. The tagRFP and Rab8 were then PCR ligated, digested using NotI and XbaI restriction 
sites and ligated into pUAST-attB124. These constructs were then injected into VK00037 and 
VK00033125 to generate transgenic fly lines according to standard protocols126. 
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3.3.2 Immunohistochemistry 

The following primary antibodies were used: mouse anti-Rab8 (1:100 IF, Sigma-Aldrich 
R5530), rat anti-Crumbs (1:100, gift from Elisabeth Knust) and mouse anti β-Integrin (1:200, 
DSHB). Alexa-conjugated secondary antibodies: Alexa Fluor® 488, Alexa Fluor® 568 and 
Alexa Fluor® 647 (1:500, Molecular probes).  

For immunohistochemistry, third instar wandering larvae were collected and dissected. For 
visualizing terminal cells the larvae were opened along the ventral midline and gut removed 
to expose the tracheal system. Wing disc dissections were performed as previously 
described135. The dissected tissues were then fixed using 4% PFA in PBS for 15 – 20 min and 
washed with 0.3% Triton X-100 (Sigma) in PBS followed by 1 h incubation in blocking 
reagent (1% BSA in 0.3% Triton X-100 in PBS). Primary antibodies were then added in 
blocking reagent, and incubated over night at 4°C on a rocking platform. The filets were then 
washed again using 0.3% Triton X-100 in PBS and then incubated with Alexa conjugated 
secondary antibodies at room temperature for 90 min followed by extensive washing using 
0.3% Triton X-100 in PBS. Samples were mounted for imaging using Vectashield (Vector 
Laboratories) and images acquired on Leica SP2 or Zeiss LSM 780 confocal laser scanning 
microscopes. Images were processed using ImageJ/Fiji (version 1.48c National Institutes of 
Health, USA; http://imagej.nih.gov/ij/).  

3.3.3 Colocalization analysis 

The colocalization quantification was performed in CellProfiler 2.1.1 using an object-based 
approach136. Confocal images for quantitative analysis of vesicular structures were obtained 
from whole mount third instar larva. Third instar wandering larvae were collected and washed 
using water. Larvae were then transferred onto a cover slip and heat-killed with a drop of 
Halocarbon oil 27 that had been preheated to 65°C. After 30 s the cover slip was removed 
from the heat source and imaged immediately. The whole mount larvae in Halocarbon oil 27 
were imaged using Zeiss LSM 780 confocal laser scanning microscope. Objects were 
identified in each channel of single focal planes covering the base of the cell (including the 
nucleus). Objects were identified using image segmentation by size exclusion and 
thresholding. The threshold was applied per object with the method RobustBackground. 
Colocalizing objects were identified as overlapping objects in the two channels. The 
colocalization is estimated by the percentage of colocalizing objects out of the total number of 
objects identified in the Rab8 channel (see formula below). GraphPad Prism6 was used for 
statistical analysis (one-way ANOVA with Tukey’s multiple comparisons test) and Microsoft 
Excel for graphic representation. 

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔  𝑜𝑏𝑗𝑒𝑐𝑡𝑠
𝑇𝑜𝑡𝑎𝑙  𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑅𝑎𝑏8  𝑜𝑏𝑗𝑒𝑐𝑡𝑠 ∗ 100 = %  𝑜𝑓  𝑅𝑎𝑏8  𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠  𝑠ℎ𝑜𝑤𝑖𝑛𝑔  𝑜𝑣𝑒𝑟𝑙𝑎𝑝 

3.3.4 Quantitative analyses of branching and air-filling 

Quantitative analyses of number of branching points and air-filling were performed in dorsal 
terminal cells in tracheal metameres 3-6 of whole mount heat-killed third instar larvae. 
Appropriately staged larvae were collected and cleaned using water. Larvae were then 
transferred onto a cover slip with a drop of Halocarbon oil 27 (Sigma) that had been preheated 
to 65°C. After 30 s the cover slip was removed from the heat source and imaged immediately. 
The numbers of branching points were manually counted from maximum projections of Z-
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stack images. ANOVA or student t-test were used to determine whether the control and RNAi 
expressing terminal cells were significantly different. Analysis of air-filling was performed by 
visualizing the presence of lumen using transmitted light. The data was summarized as the 
percentage of cells with defective air-filling out of the total number of cells analyzed and two-
tailed student t-tests were used to determine whether knockdown phenotypes were 
significantly different from control. GraphPad Prism6 was used for statistical analysis and 
graph representation.  

For quantification of number of branching points over time in a control, Rab8-RNAi and 
talin-RNAi larvae of given time points (48, 65, 72, 90, 100, 110 h after egg lay, n = 6 for each 
genotype and time point) were collected and analyzed in the aforementioned manner. The 
data was summarized with the mean number of branching points and ANOVA was used to 
determine whether the control and RNAi expressing terminal cells were significantly 
different. Again, GraphPad Prism6 was used for statistical analysis and graph representation. 

3.3.5 Quantitative analysis of integrin ratio 

Quantitative measurement of βPS-integrin localization at the outer membrane vs. cytoplasmic 
localization was done by imaging of single focal planes through the center of control or Rab8-
RNAi terminal cells. The cytoplasm of the cell was visualized using cytoplasmic GFP under 
the control of btl-GAL4 and βPS-integrin was visualized by antibody staining. The membrane 
and cytoplasmic signal of βPS-integrin was measured as arbitrary units of fluorescence at 
areas surrounding the nucleus in three independent terminal cells. The ratio of membrane vs. 
cytoplasmic signal was calculated for each cell and displayed as mean ratio of fluorescence 
and two-tailed t-test was used to determine whether there was a significant difference from 
control. GraphPad Prism6 was used for statistical analysis and graphical representation.  

3.4 Results 
Studies in mammalian systems as well as in terminal cells have outlined the importance of 
Rab proteins in lumen formation. Rab8 has previously been shown to play an important role 
in regulating both apical and basolateral vesicular trafficking in various model systems74, 76, 77, 

79. This study explores the function of Rab8 in terminal cell development. 

3.4.1 Subcellular localization of Rab8 in terminal cells 

Rab8A has been shown to localize to various subcellular compartments such as the TGN, RE, 
cytosolic vesicles and plasma membrane in mammalian cells74, 76, 77. The putative roles of 
Rabs can be deduced by their localization in certain vesicles and membrane structured in the 
cell. 



 

49 

 

Figure 22: Rab8 antibody staining in Drosophila terminal cells. The nuclear region of terminal cells, 
visualized by tracheal specific cytoplasmic GFP using btl-GAL4, stained with Rab8 antibody. Rab8 is localized 
in puncta distributed through out the cytoplasm. Scale bar: 10 µm. 

To determine the subcellular localization of Rab8 in tracheal terminal cells we used an 
antibody against Rab8. Rab8 was localized in a punctate manner throughout the cytoplasm of 
the terminal cell and in the underlying muscle tissue (Figure 22). This staining is specific, 
since no signal is detected in Rab8-deficient cells (Supplementary figure 3). Mammalian 
Rab8 localizes to the TGN, RE, vesicular and tubular structures in the cytosol and the plasma 
membrane76, 77. To test whether Rab8 in terminal cells localize to one or more of those 
subcellular compartments we analyzed the colocalization of Rab8 with markers of different 
cellular compartments.  

 

Figure 23: Slight colocalization of Rab8 with Golgi apparatus and nSyb. (A) Terminal cell expressing the 
Golgi marker, galactosyltransferase (RFP.Golgi) immunostained with Rab8 antibody. Arrowheads indicate 
potential colocalization of Rab8 with galactosyltransferase. (B) Terminal cell expressing nSyb, a vesicular 
SNARE, stained with Rab8 antibody. Arrowheads indicate potential colocalization of Rab8 with nSyb. Scale 
bars: 5 µm. 
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Antibody staining of Rab8 did not show a great overlap with the TGN marker 
galactosyltransferase (Figure 23A). Enriched Golgi puncta were not colocalized with Rab8. 
This suggests that the Drosophila Rab8 does not localize to the TGN in terminal cells. 
Soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNAREs) are 
core proteins in membrane fusion. The neuronal vesicular SNARE, nSyb, localizes to 
exocytic synaptic vesicles and endosomal vesicles. The vesicular marker nSyb was localized 
to punctate structures that showed little colocalization with Rab8 (Figure 23B), suggesting 
that Rab8 does not localize to nSyb labeled exocytic vesicles in this cell type.  

 

Figure 24: Colocalization of Rab8 with Rab4, Rab11 and Rab3. (A) Terminal cells expressing tagRFP.Rab8 
and YFP.Rab3, (B) tagRFP.RAb8 and Rab11.GFP and (C) YFP.Rab8 and Rab4.mRFP reporters. Scale bars: 10 
µm. 

The putative colocalization of Rab8 with the TGN and vesicular markers was difficult to 
analyze with the Rab8 antibody staining because of strong background signal from the 
underlying tissue. Only when the terminal cell body was protruding, as was the case for the 
cell in Figure 22B, was it possible to separate the signals from the two tissues. Therefore, 
instead of visualizing Rab8 using antibody staining, we opted to use constructs of tagged 
Rab866. The published transgenes for the YFP tagged Rab8 proteins used the UASp promoter, 

btl>tagRFP.Rab8 btl>YFP.Rab3
btl>tagRFP.Rab8
btl>YFP.Rab3

btl>tagRFP.Rab8 btl>Rab11.GFP
btl>tagRFP.Rab8
btl>Rab11.GFP

A

B

btl>Rab4.mRFPbtl>YFP.Rab8
btl>GFP
btl>Rab4.mRFP

C



 

51 

a GAL4-responsive promoter modified to allow expression in the female germline and in 
somatic cells137. However, these vectors showed no expression in the terminal cells. We 
therefore switched the promoter to a UASt promoter described by Brand and Perrimon138 and 
simultaneously made an RFP tagged Rab8. 

 

Figure 25: Quantification of Rab8 colocalization with Rab4, Rab11 and Rab3. Percentage of Rab8 vesicles 
that are also positive for Rab4, Rab11 or Rab3. Columns represent the mean ± SD. One-way ANOVA w/ 
Tukey’s post-hoc test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. n = 13 - 17.  

Switching the promoters resulted in visible expression levels of Rab8. The Rab8 constructs 
were expressed in combination with three Rab reporters, for Rab3, Rab4 and Rab11. These 
Rabs are localized to different compartments of the endocytic recycling pathway. Rab3 labels 
synaptic vesicles that are trafficked to the plasma membrane in neuronal cells, Rab4 is 
localized to early endosomes and Rab11 is found on RE. Rab8 shows a partial overlap with 
each of these reporters in terminal cells (Figure 24A-C). Quantification of the colocalization 
revealed that 50.29% ±10.20 of the Rab8 positive vesicles were also positive for Rab3 (Figure 
25). 36.46% ±11.36 of Rab8 vesicles were positive for Rab11 and 17.28% ±4.93 of Rab8 
vesicles were also occupied with Rab4. These results suggest that Rab8 mostly is found both 
on exocytic vesicles and on RE, but less commonly on early endosomes. 

3.4.2 Active Rab8 colocalizes with Rab11 

To test whether the localization of Rab8 with the other Rabs depends on the binding of Rab8 
to GTP, we used three different constructs of YFP tagged Rab8: wild type Rab8 (Rab8WT), 
constitutively active Rab8 (Rab8CA) and dominant negative Rab8 (Rab8DN). The 
constitutively active (Q67L) and the dominant negative (T22N) mutations are based on 
constitutively active and dominant negative mutations in ras p21 resulting in defective GTP 
hydrolysis and in GTP binding, respectively139. GTP bound form of Rab proteins associates 
more strongly with membranes whereas the GDP bound form does not140.  
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Figure 26: Tagged reporters of Rab8. Terminal cells expressing the three different Rab8 reporters: Rab8WT, 
Rab8CA and Rab8DN. Scale bars: 10 µm. 

The expression of wild type and CA Rab8 showed a punctate localization similar to vesicular 
localization (Figure 26A, B), whereas the dominant negative Rab8 showed fewer puncta and a 
more cytoplasmic distribution as expected (Figure 26C). 

 

Figure 27: Quantification of Rab8DN colocalization with Rab4, Rab11 and Rab3. Percentage of Rab8 
vesicles that are also positive for Rab4, Rab11 or Rab3. Columns represent the mean ± SD. One-way ANOVA 
w/ Tukey’s post-hoc test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. n = 6 - 18.  

The quantification of the colocalization of Rab8DN with Rab4, Rab11 and Rab3 showed that 
the few Rab8 positive vesicles found were not drastically different from the wild type in the 
enrichment of the other Rabs (Figure 27). Only Rab11 showed a significantly reduced 
association with the Rab8 positive vesicles when Rab8 was inactive. This implies that Rab8 
activation is needed for Rab8 association with Rab11-positive vesicles or that Rab8 activation 
might be required for the association of Rab11 with Rab8-vesicles, while Rab3 and Rab4 
associate with the Rab8 vesicles seemingly independent of Rab8 activity.  

 

btl>YFP.Rab8WT btl>YFP.Rab8CA btl>YFP.Rab8DN

A B C

0

10

20

30

40

50

60

70

WT DN WT DN WT DN

%
 o

f d
ou

bl
e 

po
si

tiv
e 

ve
si

cl
es

ns

*

ns

ns

****

Rab4 Rab11 Rab3



 

53 

3.4.3 Rab8 is required for tracheal terminal cell development 

To identify the role of Rab8 in terminal cells, we knocked down its function by expressing an 
RNAi construct against Rab8 (Rab8-RNAi) in tracheal cells using btl-GAL4. This construct 
depletes the cells from Rab8 (supplementary Figure 1). Expression of the Rab8-RNAi in 
terminal cells resulted in a striking phenotype. The terminal cells had fewer branches and 
tangled tubes (Figure 28A-F). Quantification of the number of branching points showed that 
the Rab8-RNAi terminal cells have on average 11 ±0.65 (n = 27) branching points compared 
with 39 ±1.9 (n = 17) branching points in control (Figure 28C, D). Only 20% of terminal cells 
expressing the Rab8-RNAi have a normal lumen, the other 80% of cells have defects in at 
least one of the branches, either tangles near to the nucleus or at the distal ends of the 
branches. 

 

AA  ControlA

B  Rab8-RNAi

B’ B’’

DC

A’  

****

Rab8-RNAiRab8-RNAi



54 

Figure 28: Rab8 affects terminal cell morphology. (A) Control terminal cells (Dicer2/+;btl-GAL4,UAS-
GFP/+) have branched extensively. A close-up of the branches shows that (A’) there is only one lumen 
(visualized by reflection of light) in each branch. (B) Rab8-RNAi terminal cells (Dicer2/Rab8-RNAi;btl-
GAL4,UAS-GFP/+) have less branches. A close-up of the branches shows that (B’) there are multiple lumens in 
each branch. (B’’) At the end of some of the branches the lumen has curled up. (C) Number of branching points 
in control and Rab8-RNAi terminal cells. Dots represent the measurement of individual cells and the horizontal 
lines represent the mean ± SD. Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 
p<0.0001. Control, n = 17; Rab8-RNAi, n = 27. (D) Percentage of control and Rab8-RNAi terminal cells with 
normal lumen in all branches. Control, n = 13; Rab8-RNAi, n = 10. Scale bars: (A) 30 µm, (A’) 20 µm, (B) 30 
µm, (B’) 10 and (B’’) 5 µm. 

To exclude the possibility that the phenotype seen in the Rab8-RNAi phenotype was due to 
off targets, we compared the effects caused by the expression of Rab8DN to the effects that 
the Rab8-RNAi had on terminal cells. If the phenotype seen with the Rab8-RNAi results only 
from knocking down the levels of Rab8, and not from knocking down an off-target gene, the 
two constructs should result in similar phenotypes. Expression of the Rab8DN severely 
affected branching and resulted in the formation of tangled tubes (Figure 29A, B), a 
phenotype indistinguishable from the Rab8-RNAi phenotype.  

 

Figure 29: Expression of Rab8DN affects terminal cell morphology in a similar way as the Rab8-RNAi. 
(A) Terminal cell expressing wild type Rab8 are similar as controls. (B) Terminal cell expressing Rab8DN have 
tangled tubes (see tube reflection in box). (C) Quantification of branch numbers in wild type, Rab8-RNAi and 
Rab8DN terminal cells (WT and Rab8-RNAi previously displayed in Figure 7). Dots represent the measurement 
of individual cells and the horizontal lines represent the mean ± SD. One-way ANOVA w/ Dunnett’s multiple 
comparisons test: ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Control, n = 17; 
Rab8-RNAi, n = 27; Rab8DN, n = 14. Scale bars: 20 µm. 

Taken together, the similarities between the effects caused by the Rab8-RNAi and the 
Rab8DN showed by two independent experiments means that the inactivation Rab8 in 
terminal cells results in branching defects and tangled tubes.  

3.4.4 Rab8 is required for the localization of apical and basolateral 
proteins 

Rab8 has been shown to be required for the trafficking of both apical and basolateral proteins 
in mammalian cells74, 76, 77, 79. To test whether Rab8 affects trafficking to either apical or 
basolateral membrane we analyzed the distribution of two molecules that are found either 
apically or basolaterally.  

Integrins are transmembrane proteins that form the focal adhesions of cells and are localized 
on the basolateral membrane in all polarized cells, including terminal cells, where they act as 
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mediators between the cell and the extracellular matrix141, 142. Integrins can be delivered to the 
basolateral membrane via the biosynthetic pathway or by recycling of internalized integrins, 
as they are generally not degraded but recycled back to the plasma membrane143. To test 
whether Rab8 is required for the trafficking of integrin to the basolateral membrane in 
terminal cells, we examined the localization of βPS-integrin, the major Drosophila β-integrin, 
required for most integrin-mediated processes144, 145, in terminal cells that lack Rab8. The 
localization of βPS-integrin in third instar larvae expressing Rab8-RNAi was assessed by 
immunostaining.  

 

Figure 30: Rab8 is required for βPS-integrin localization at the outer membrane. (A) Antibody staining 
against βPS-integrin showed enrichment at the terminal cell border and the underlying muscle tissue. (B) A close 
up of wild type terminal cells and (C) cells expressing Rab8-RNAi. Red dashed lines mark the cell outline. (D) 
Quantification of the ratio of βPS-integrin found at the membrane compared to cytoplasmic βPS-integrin in wild 
type and Rab8-RNAi. Columns represent the mean ± SD. Two-tailed t-test: ns = p>0.05, * = p<0.05, ** = 
p<0.01, *** = p<0.001, **** = p<0.0001. Scale bar: (A) 20 µm and (B) 5 µm. 

βPS-integrin was detected as puncta along the periphery of the terminal cell where the cell 
contacts the underlying tissue (Figure 30A). As it is hard to assess which puncta come from 
the terminal cell and which from the muscle tissue, we analyzed only the nuclear region that 
is normally not attached to the underlying tissue. There the βPS-integrin was detected as 
smaller puncta enriched at the outer membrane of the cell. Upon the expression of Rab8-
RNAi the enrichment of the peripheral puncta was less pronounced. This could suggest that 
Rab8 is required for the delivery or recycling of the βPS-integrin to the outer membrane 
indicating a role in trafficking to the basolateral membrane.  
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Figure 31: Rab8 is required for Crumbs localization at the tube membrane. (A) Crumbs is strongly 
enriched at the tube membrane in wild type cells. (B) Upon the knockdown of Rab8 Crumbs no longer shows 
this strong enrichment, rather diffusion through out the cell. Scale bars: 20 µm. 

To study whether Rab8 is required for trafficking of molecules to the apical membrane we 
analyzed the localization of the transmembrane protein Crumbs. Crumbs is an apical 
determinant required for tube formation146 and is enriched at the tube membrane in terminal 
cells (Figure 31A). Preliminary results of terminal cells expressing Rab8-RNAi did not show 
this apical localization but a more diffused distribution throughout the cytoplasm of the cell 
(Figure 31B). This indicates that Rab8 plays a role in trafficking not only to the basolateral 
membrane, but also in trafficking to the apical membrane.  

3.4.5 Does of Rab8 deletion resemble the depletion of the 
integrin-associated molecule talin? 

From previous studies, we know that crumbs mutant terminal cells have normal branch 
numbers and lumen morphology109. Therefore, it is unlikely that the effects on Crumbs 
localization in Rab8-RNAi expressing cells could explain the defects in branching and lumen 
morphology. In contrast, previous studies show that terminal cells mutant for genes encoding 
integrins and integrin-associated molecules such as Talin have phenotypes similar to that of 
Rab8-RNAi expressing cells147. Terminal cells mutant for integrins and talin have reduced 
branch numbers and have multiple tangled lumens. More detailed analysis of mutant terminal 
cells for talin, a cytoskeletal protein that links integrins to the cytoskeleton, reported that the 
reduced branches, and tangled tubes phenotypes only arose late in the larval development147. 
Initially the terminal branches in these mutants grow normally and later in development (end 
of third larval instar) the branches are subsumed to one main branch, resulting in multiple 
lumens collecting within one branch and coils of tubes forming at the end of branches. This 
suggested that the lack of functional focal adhesions resulted in unstable branches resulting in 
reduced branches, and tangled tubes. To test whether the Rab8-RNAi phenotype could be due 
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to similar defects in focal adhesions we compared the Rab8-RNAi depleted terminal cells 
with talin-depleted cells. Expression of a talin-RNAi resulted in drastic reduction of terminal 
cell branches (Figure 32A). The branches that were present typically had just a single stubby 
branch packed with a tangle of convoluted lumens that formed large coils at the end of the 
branches (Figure 32C).  

 

Figure 32: Talin depletion affects branch stability. (A) Terminal cells expressing a talin-RNAi. (A’) A close-
up of the lumen (visualized by reflection of light) in cells expressing talin-RNAi shows that the lumen at end of 
the branches has curled up. (B) Quantification of number of branching point over time in a control, Rab8-RNAi 
and talin-RNAi cells. Lines represent the mean of sample points. One-way ANOVA with Tukey’s multiple 
comparisons test (simple comparisons within each genotype) showed that only one time point was significantly 
different from the previous time point (labeled with red stars, p<0.0001). One-way ANOVA with Dunnet’s 
multiple comparisons test (simple comparisons within each time point) showed that branching points of all time 
points of terminal cells expressing RNAi constructs were significantly different from control. Scale bars: (A) 30 
µm and (B) 20 µm. 

Furthermore, we studied how the phenotypes progress over time by analyzing the branch 
number in Rab8-RNAi and talin-RNAi expressing terminal cells at different stages of 
development. The first terminal cell branches sprout late in embryogenesis, around 13-20 
hours after egg lay. By late first instar (48 hours after egg lay), both Rab8-RNAi and talin-
RNAi expressing terminal cells had significantly reduced terminal branches when compared 
with wild type (Figure 32B). In contrast to published results for Talin depleted terminal cells, 
we find the talin-RNAi expressing terminal cells showed no significant decrease in branch 
number over the course of the larval development. However, there is apparently a slight 
decrease in branch numbers over time in talin-RNAi cells. No significant decrease in branch 
number was seen in Rab8-RNAi expressing terminal cells. Therefore, it is unclear whether the 
phenotype seen in the Rab8-RNAi is a result of unstable branches due to dysfunctional focal 
adhesions reported for talin-RNAi. 
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3.4.6 Rab8 might be involved in regulating membrane delivery 

The results presented above indicate that Rab8 plays a role in trafficking of molecules to both 
membrane domains. Disruption of this regulation (by Rab8-RNAi or Rab8DN) could cause an 
imbalance in growth of the two membranes where the outer membrane grows more slowly 
than the tube, explaining the reduced branches and tangled tubes.  

 

Figure 33: Expression of Rab8CA affects terminal cell morphology. (A) Terminal cells expressing Rab8WT 
show no phenotype. (B) Terminal cells expressing Rab8CA show membrane protrusions. Scale bars: 20 µm. 

As Rab8 depletion appears to reduce membrane delivery to the outer membrane we predict 
that increased Rab8 activity might increase the amount of outer membrane. To test whether 
increased function of Rab8 would cause the opposite effects compared with Rab8 depletion, 
we examined the effects of expressing Rab8CA in terminal cells. The Rab8CA expression did 
not affect branch number (data not shown), but resulted in the formation of membrane 
protrusions or bulges on the outer surface of the branches (Figure 33B). These membrane 
protrusions are consistent with our prediction, as they could be a result of excess basolateral 
membrane. This suggests that overactivation of Rab8 shifts the balance, to deliver more 
building blocks to basolateral membranes. 

3.5 Rab8 discussion 
Rab8 has been shown to regulate endocytic recycling in various model systems by studying 
the subcellular localization of Rab8 and its colocalization with cargo known to recycle trough 
the different endocytic recycling compartments74, 77, 94 Here, we have characterized the role of 
Rab8 in terminal cell morphology by analyzing its subcellular location and the effects caused 
by Rab8 depletion.  

3.5.1 Rab8 plays a role in endocytic recycling in terminal cells 

Mammalian Rab8 has been shown to localize on different cellular compartments such as the 
TGN, tubular RE and exocytic vesicles. Rab8 depletion in terminal cells reduces branch 
numbers and results tangled tubes. Additionally, we found that Rab8 is highly colocalized 
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with Rab11, a marker of RE and Rab3, a marker of regulated secretory vesicles. This suggests 
that Rab8 might play a role in terminal cell morphology through its functions in endocytic 
recycling or regulated secretion. Future experiments should try to answer whether the defects 
seen upon Rab8 depletion are due to ineffective recycling or delivery of newly synthesized 
material. The fact that Rab8 does not colocalize with Rab4 indicates that Rab8 does not play a 
role in fast recycling. Further studies are needed to analyze the subcellular localization of 
Rab8 in more detail to determine whether Rab8 is only involved in clathrin-independent or 
also clathrin-dependent recycling in terminal cells.  

3.5.2 Factors required for Rab8 localization on exocytic vesicles 

Previous studies have revealed that Rab8 can be recruited to exocytic vesicles by Rab6 in 
HeLa cells92 and that the activation of Rab11 is required for Rab8 function in primary cilia75. 
Which factors are required for Rab8 association with vesicles? Our results from the tracheal 
terminal cells show that less Rab11 is found on Rab8 positive vesicles when Rab8 is inactive, 
suggesting that the activation of Rab8 is required for the colocalization of Rab8 and Rab11. 
There are two explanations of this observation: the activation of Rab8 may be required for the 
recruitment of Rab11 to Rab8 positive vesicles or only active Rab8 can associate stably with 
Rab11-positive vesicles. The latter is more likely as previous studies have shown that the 
activation of Rab11 is required for the recruitment of Rab8 to Rab11-positive vesicles in 
primary cilia in order to activate it75. Rab8 has also been shown to localize to exocytic 
vesicles in Rab6-dependent manner92. Future studies in terminal cells should focus on 
analyzing whether Rab8 associates with exocytic vesicles in Rab11- and/or Rab6-dependent 
manner in terminal cells. 

3.5.3 Rab8 depletion does not affect branch stabilization 

The recycling pathway plays an important role in the delivery of newly synthesized material 
as well as recycled material to both plasma membranes74, 76, 77, 79, 94. Here we report that 
similar to mammalian studies of Rab8, in terminal cells Rab8 regulates vesicular trafficking 
of βPS-integrin and Crumbs to the basolateral and apical plasma membrane, respectively. 
Previous observations that Rab8 localizes to compartments of the endocytic recycling 
pathway suggest that Rab8 depletion might affect the localization of these molecules due to 
defects in their recycling. However, it is also possible that the localization of these molecules 
is affected indirectly. Therefore it is important to test whether βPS-integrin and Crumbs are 
cargos of Rab8 positive vesicles. It is unlikely that the phenotype in terminal cells expressing 
Rab8-RNAi is a consequence of the mislocalization of either Crumbs or integrin as the 
depletion of these proteins does not result in a similar phenotype as the depletion of Rab8.  

In the case of the integrin related molecule Talin, mutant terminal cells have a normal number 
of branches early in development. Later these branches are reduced, as they could not connect 
to the underlying tissue due to absence of focal adhesions. The analysis of terminal cells 
expressing talin-RNAi did not correlate with this trend. At the initial time point (48 hrs. after 
egg lay) the number of branching points was already significantly different from the control, 
but over the course of development there was a slight reduction of branches. This contrasts 
the previously published talin time-course, however it could be that our initial time point after 
48 hrs. was already to late. 

Terminal cells defective for Rab8 do not show increase in branching at early larval stage, as is 
observed in the wild type. Actually, there is no significant change in branch numbers in Rab8 
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defective cells during the developmental period studied here. This suggests that, in contrast to 
the observed effects of Talin knockdown, where branches initially form and are then later 
retracted, in the Rab8 defective cells the branches never form. However, the tube continues to 
grow and therefore tangles form at the distal tip of the branches that are present. This 
indicates decoupling of growth at the two membrane domains, where the inner membrane 
continues to grow despite the growth reduction of the outer one. 

3.5.4 Vesicular delivery is required for terminal cell morphology 

The growth of terminal cell branches as well as the subcellular lumen is thought to depend on 
membrane additions along the plasma membrane44. The vesicular delivery to the different 
membrane domains must by highly regulated during the growth of the cell as the cell should 
not waste its resources in creating cellular extensions without tube as those extensions will 
not fulfill their functions in providing air. Similarly, the cell should not create excess of tubes 
unless it has branches to spread those tubes efficiently. However, under abnormal 
circumstances these two processes, the tube extension and outer membrane growth, can be 
decoupled44. In the case of Par-6 and aPKC, they have been proposed to play a role in the 
partitioning of membranes between the growing tips and subcellular lumen. In their absence 
the membrane destined for the lumen is delivered to the growing branch tips resulting in 
excess material at the tips and absent lumen148. It is known that membrane trafficking plays 
an important role in the delivery of membrane to the correct locations within the terminal cell. 
One such example is the microtubule dependent delivery of vesicles to either lumen at the 
distal tip or closer to the nucleus111. Rab35CA expression in terminal cells increased tubes at 
distal ends of branches whereas Rab35DN expression resulted in more tubes close to the 
nucleus. These defects in Rab35CA and RAb35DN were explained by altered polarization of 
microtubules directing trafficking more to the distal tip or closer to the nucleus, respectively. 
Other examples show that in Syntaxin 7 mutants the lack of Crumbs endocytosis from the 
apical membrane increases luminal membrane volume, resulting in cystic lumen and reduced 
terminal cell branching. 

We conclude that Rab8 localizes to recycling endosomes where it might be required for 
maintaining a balance in membrane trafficking to apical and basolateral domains of terminal 
cells. This suggests a critical role for recycling endocytosis in maintaining such a balance. 
Therefore it is interesting to know whether Rab8 plays a similar in other de novo lumen 
forming systems or generally in polarized epithelial tissues.  
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3.6 Supplementary figures 

3.6.1 Testing the specificity of the Rab8 antibody in Drosophila 
and efficiency of Rab8-RNAi knockdown 

As Rab8 has been shown to be ubiquitously expressed in mammalian cells, we used the wing 
disc as a model tissue to test whether the antibody raised against a synthetic peptide of human 
Rab8A recognizes Drosophila Rab8.The antibody staining showed that the Rab8 was 
expressed ubiquitously in the wing disc and to see whether this was specific or not we 
knocked it down (Supplementary figure 3). We expressed both Rab8-RNAi and GFP in a 
small area of the wing disc using the ptc-GAL4 driver, thereby labeling cells with reduced 
levels of Rab8 with GFP. The GFP negative cells did not express any Rab8-RNAi and served 
as an internal control. The GFP positive cells showed very little Rab8. This shows that the 
antibody recognizes Drosophila Rab8 and that the Rab8-RNAi does indeed reduce the level 
of Rab8.  

 

Supplementary figure 3: Rab8 antibody recognizes Drosophila Rab8. Wing disc was stained with Rab8 
antibody (in red). Cells labeled with GFP are expressing Rab8-RNAi under the control of ptc-GAL4. GFP 
negative cells do not express any Rab8-RNAi and are thus wild type. Scale bar: 30 µm. 
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4.1 Abstract 
Accurate definition and measurement of phenotypic traits is central to the biological 
sciences. Many developmental traits are hard to define and summarize. Automated 
segmentation and analysis of cellular morphology can provide high-throughput and 
quantitative measurements of a range of cell shapes in wild type cells or genetically 
manipulated cells. Here we summarize a protocol for analyzing the cellular morphology of 
third-instar tracheal terminal cells using confocal imaging, segmentation and automated 
quantification methods. This protocol can be used for screening of morphological defects 
in terminal cells. We tested the protocol by measuring the number of branching points, 
total branch length and total branch area on control terminal cells and terminal cells 
depleted of Rab8, Crumbs, Talin and βPS-integrin. The unbiased quantitative approach 
significantly improves the comparison of experimental conditions and genetic 
manipulations thereby allowing for identification of new genes important for terminal cell 
morphology or identifying the precise role of particular genes and alleles. This and similar, 
automated or semi-automated, methods are anticipated to advance studies of complex 
developmental and cellular phenotypes.  

4.2 Introduction 
Development is a dynamic process, whereby cells for instance grow, divide, migrate and 
differentiate. Formation of complex structures, like the tracheal system in Drosophila, are 
also often influenced by homeostatic processes related to the physiology of cells and 
developmental systems. Therefore definition and quantitation of developmental 
phenotypes or defects caused by genetic or environmental perturbations can be quite 
challenging for many developmental features, for instance branched cellular structures. 

Branched epithelial tubes are present in many animal organs such as lungs, kidneys and 
blood vessels where they enable the transport of gas, liquid and nutrients throughout the 
animal. Efficient distribution of fluids and gases depends on the branching pattern of the 
network along with appropriate length and diameter113. The Drosophila tracheal system is 
composed of tubes of varying sizes and cellular arrangement. The development of the 
embryonic tracheal system is a highly stereotypic process orchestrated by FGF 
signaling149-151. In contrast to the remainder of the trachea, the larval terminal cell growth 
appears to be a highly variable process that is not under fixed growth control. Terminal 
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cells are highly branched cells with subcellular tubes for gas transport. Along these 
branches fine filopodial extensions, devoid of lumen, can transiently arise. Terminal cell 
have variable shapes and branch numbers allowing them to respond to the oxygen need of 
the target tissues by sprouting new branches towards hypoxic cells (reviewed elswhere42). 
There is considerable variability between individuals, corresponding terminal cells in 
distinct individuals vary in branch numbers and branching patterns152. The branch 
outgrowth of terminal cell branches is stimulated by activation of the fibroblast growth 
factor (FGF) receptor Breathless by Branchless (FGF ligand)153, 154. Branchless acts as a 
chemoattractant secreted by hypoxic tissues. Therefore, terminal cell branching is a non-
stereotypic process regulated by FGF signaling, and reveals dynamic development in 
response to physiological conditions that vary among individuals and within developing 
larvae. Despite their apparently variable shape, terminal cells do have features that appear 
to be shared amongst them, such as distances between branch sprouting and the diameter 
of the tubes42, 155.  

Drosophila terminal cells have served as a useful model for understanding the molecular 
basis for de novo subcellular lumen formation, branching and cell shape. Much of the 
information was gathered using unbiased forward genetic screens for defects in lumen and 
cell morphology117, 129. These screens have, for example, identified genes that are required 
for organizing cytoskeletal polarity, vesicular trafficking, branch stability and genes that 
are required for both branching and lumen formation5, 109, 111, 147, 148, 156.  

Manual phenotyping is easy for traits like segment or bristle number157, 158, but 
considerably more challenging for developmental phenotypes. For developmental and in 
some cases cellular traits, fixing, staining and specimen handing poses practical 
limitations. In such cases it crucial to harvest as much high quality data as possible from 
each specimen. Automated phenotyping has been developed in several systems, for 
instance studies of metabolic traits in unicellular organisms, root morphology or adult wing 
shape159, 160. A recently published method describes the analyzing of both branching patters 
and tube formation in larval terminal cells161. This approach is based on imaging of 
terminal cells and manual tracing of branches and tubes where they also assigned levels to 
the branches: a main branch containing the nucleus, class I branches that sprout directly 
from that main branch and class II branches that sprout from class I branches. 

To quantitatively examine the effects of gene-inactivation or over-activation in order to 
identify genes involved in the development of the terminal cells we developed a precise 
scheme for segmenting and analyzing terminal cells of intact third-instar Drosophila 
larvae. The protocol is unbiased and applicable for high-throughput analysis due to easy 
visualizing of terminal cells using genetically expressed fluorescent proteins, semi-
automated segmentation and fully automated quantification. Therefore the protocol is 
highly suited for high-throughput screening, comparison between different mutants or 
genetic manipulations and for analyzing the function of a particular gene.  

We used the protocol to measure the number of branching points, total branch length and 
area of control terminal cells as well as cells expressing a selection of gene-specific RNA-
mediated interference (RNAi). The targeted genes were crumbs (crb), myospheroid (mys, 
encodes βPS-integrin), rhea (encodes Talin) and Rab8. Depletion of Crumbs was reported 
to have no detectable effects on terminal cell morphology156. The results confirm the 
effects of βPS-integrin and Talin reduction on terminal cell development147 and reveal a 
novel role of Rab8 depletion on this process.  
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4.3 Materials and Methods 

4.3.1 Fly stocks 

The btl-GAL4118 was used to drive the expression of the UAS-RNAi constructs in trachea. 
The UAS-Dicer2 (#60008), UAS-Rab8-RNAi (#28092), UAS-crumbs-RNAi (#39177), 
UAS-mys-RNAi (#29619) and UAS-rhea-RNAi (#40399) lines were obtained from the 
Vienna Drosophila RNAi Center. UAS-Dicer2 was expressed along with the UAS-RNAi 
lines in order to enhance their function. CyO,Dfd-EYFP (#8578) is available from the 
Bloomington Drosophila Stock Center. UAS-PLCδ-PH-GFP was a gift from Thomas 
Lecuit.  

Healthy stocks were used, grown at 25°C for at least 2 generations, on standard cornmeal 
agar medium. Crosses were set up by mating 10 virgins (carrying the UAS-RNAi 
construct) with 10 males (Dicer2;btl-GAL4,UAS-GFP). As a control we crossed w1118 
virgins and crossed them with Dicer2;btl-GAL4,UAS-GFP males. All crosses were 
maintained at 25°C for 2 days and then transferred to 18°C or 29°C. Two days after being 
transferred to the treatment temperature the crosses were transferred into new vials 
containing medium where they laid eggs. When third instar wandering larva emerged 
(larvae move out of the medium and crawls up the walls of the vial) those were collected 
for further analysis. Each cross was set up in two replicates with one-month interval. As 
imaging of all crosses could not be performed on the same day, larvae from two crosses 
were analyzed per day over one week.  

4.3.2 RNA interference 

Dicer2;btl-GAL4,UAS-GFP, btl-GAL4,UAS-GFP and Dicer2;btl-GAL4,UAS-PLCδ-PH-
GFP lines were used to express UAS-RNAi constructs and visualize terminal cells. Before 
starting the experiments we tested, based on eye color, whether all the RNAi fly lines were 
homozygous. This was important to make sure that all larvae analyzed contain the RNAi 
transgene. To do this we took males from the RNAi lines and crossed them with w- (white 
eyes) virgins. In homozygous RNAi lines all F1 progeny will have red eyes. However, 
heterozygous RNAi lines will produce F1 progeny with both white and red eyes. Only the 
Rab8-RNAi line was heterozygous. To determine which animals contain the Rab8-RNAi 
we balanced the line using a fluorescently labeled balancer chromosome (CyO,Dfd-EYFP). 
Animals lacking the fluorescently labeled balancer chromosome express the Rab8-RNAi 
and animals with the fluorescently labeled balancer chromosome were used as controls for 
no RNAi expression. 

The RNAi knockdown was performed by crossing females from the RNAi lines and males 
from the expression inducing lines to eliminate the risk of attaining animals that do not 
contain the RNAi transgene. The crosses were incubated at the desired temperature (18°C 
or 29°C) until third instar wandering larvae emerged.  

4.3.3 Sample preparation and microscopy 

Third instar wandering larvae were collected and cleaned with water. Larvae were then 
transferred onto a cover slip with a drop of Halocarbon oil 27 (Sigma) that had been 
preheated to 65°C. After 30 s the cover slip was removed from the heat source and imaged 
immediately. The dorsal terminal cells in tracheal metameres 3-6 (n = 12-27) of whole-
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mount heat-killed larvae were imaged using an inverted confocal microscope (Zeiss 
LSM780) with a Plan-Neofluar oil 40x/1.3 objective with zoom factor 0.6, step size 0.45, 
averaging 2, bit depth 8, bidirectional scanning and a frame size of 1024 x 1024 pixels for 
both fluorescent and transmission image. To capture the entire branching network of the 
cell, multiple stacks were acquired.  

4.3.4 Image processing and network segmentation 

The images gathered from these stacks were stitched using a plugin for pairwise stitching 
in ImageJ/Fiji (version 1.48c National Institutes of Health, USA; http://imagej.nih.gov/ij/). 
For the ease of analysis, the stacks were converted to a projection with maximum intensity.  

The large number of cells imaged called for an automated way of analysis. We designed a 
pipeline for semi-automated network segmentation of the data acquired by imaging. The 
algorithm employed for segmentation and vectorization of the terminal cell network can be 
outlined in the following steps: 

1. Image enhancement to emphasize edges in the image. 
2. Creation of a binary image via Otsu-thresholding. 
3. Extraction and linearization of the contours of the binary image using the Teh-

Chin-Abe dominant point detection algorithm. 
4. Constrained Delaunay Triangulation of the points yielded by the contour-finding 

algorithm. 
5. Creation of a Euclidean distance map from the binary image. 
6. Approximation of the skeleton of the network using the triangles yielded by the 

triangulation. 
7. Manual "rewiring" of the network, removing junctions that are created by overlaps 

in the projection. 

 

Figure 34: Terminal cell network segmentation. (A) Control terminal cells (Dicer2/+;btl-GAL4,UAS-
GFP/+) have branched extensively (B) The semi-automated segmentation algorithm produces a simple 
network of terminal cells. (C) The nodes (red and blue dots) of the network represent junctions (blue dots) 
and tips (red dots).  

BA

B

C
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In this way the confocal images of the terminal cells were transformed from a fluorescent 
image (Figure 34B) into binary images of terminal cell networks (Figure 34A). Each 
network is consists of nodes (junctions and tips) and edges (space between two nodes). 
Additional information stored in the network includes the localization of each node in 
space, the nodes diameter and the edge diameter and length (Figure 34B). 

4.3.5 Quantitative analyses of measurable traits 

The terminal cell networks obtained from the semi-automated segmentation algorithm 
were loaded into Python and subjected to automated quantitative analysis of measurable 
traits such as number of branching points, total branch length and cell area using the 
Enthought Canopy (version 1.4.0, https://www.enthought.com/products/canopy/) platform 
using libraries such as Os, Math, Numpy, Scipy, Matplotlib and NetworkX. 

The script includes modes to calculate several terminal cell traits of interest. The number 
of junctions in the branching network was calculated as the number of nodes with more 
than two neighbors increased by one. The total length of the network was calculated as the 
length of all edges. Initial testing showed that the small filopodial extensions were being 
identified as branches. However, these do not qualify as branches as they do not have any 
subcellular lumen. Therefore we included a pruning step into the script where “branches” 
shorter than 15 pixels were excluded from all calculations.  

The quantitative measurements for the number of branching points (NoJ), network length 
(LoN) and network area (AoN) of control terminal cells and terminal cells expressing 
RNAi were subjected to statistical analysis (below) and summarized by least square means 
and standard deviation for each genotype and different temperatures. GraphPad Prism6 
(version 6.03) was used for graphical representation. 

4.3.6 Statistical analysis 

To meet the assumptions of statistical inference the measurements for the numbers of 
branching points were square root (sqrt)-transformed while the measurements for the 
network length and network area were transformed using natural logarithm (loge). RStudio 
(version 0.98.1028, http://www.rstudio.com/) was used for statistical analysis and R and 
GraphPad Prism6 were used for graphical representation. We did the following 
comparisons and analysis (see Appendix A and B for R-script and full data, respectively). 

i) Comparison of left and right  
To compare the measurements of (NoJ, LoN and AoN) left and right dorsal terminal cells 
from the same segments within individuals we used a paired Student’s t-test on 
transformed data.  

ii) Comparison of segments 
To compare terminal cells of different segments we used the transformed data and 
standardized the measurements within each individual by mean and standard deviation. We 
then used a one-way ANOVA on the scaled measurements for NoJ, LoN and AoN with 
segments as explanatory variable.  

iii) Correlation between variables 
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We analyzed the correlation between NoJ, LoN and AoN by plotting them against each 
other in a scatter plot and used Pearson correlation coefficient to quantify the correlation. 

iv) Comparison of phenotypes in different genetic backgrounds at different 
temperatures 

To compare the quantification (NoJ, LoN and AoN) of control terminal cells and terminal 
cells expressing gene-specific RNAi in three different genetic backgrounds at two different 
temperatures we used a linear mixed-effects regression model fit by maximum likelihood, 
using segment, temperature, genotype and RNAi as categorical variables and individual as 
a random factor. The model tested the interaction of (RNAi)x(temperature)x(genotype) and 
the (temperature)x(genotype) within RNAi. We used the Shapiro-Wilk normality test to 
test for normal distribution of the residuals. 

Model I: 

𝑦!"#$%& = 𝜇 + 𝛼! + 𝛽! + 𝛾! + 𝛼𝛽 !" + 𝛼𝛾 !" + 𝛽𝛾 !" + 𝛼𝛽𝛾 !"# + 𝛿! + 𝜁! + 𝜀!"   

 

𝜀!"~𝑁 0,𝜎!  residuals 

𝜁!~𝑁 0, 𝜏!  individuals, random effects  

𝑟 = control, Rab8-RNA, crb-RNAi, rhea-RNAi and mys-RNAi 

𝑔 = GFP, Dicer2+PIP2 and Dicer2+GFP 

𝑡 = 29°C and 18°C 

𝑠 = segments 3, 4, 5 and 6 

𝑖 = 1, 2, …, 137 (individuals) 

𝑗 = 1, 2 …, 𝑛!  (measurements of individual 𝑖) 

Where 𝜇 is the overall mean, 𝛿! is the mean deviation for segment s and 𝛼,𝛽 and 𝛾 are the 
mean variance for RNAi, genotype and temperature, respectively. 𝛼𝛽 represents the 
interaction between RNAi and genotype, 𝛼𝛾 the interaction between RNAi and 
temperature, 𝛽𝛾 the interaction between genotype and temperature and 𝛼𝛽𝛾 the three-way 
interaction between RNAi genotype and temperature. We could not evaluate the 
𝛼𝛽𝛾!"#!!"#$,!"#$%!!!"#,!"°!  because this treatment resulted in lethality.  

4.4 Results 

4.4.1 Experimental setup 

Larval terminal cell branching is regulated by oxygen physiology resulting in highly 
variable branching patterns152. Terminal cells in the same localization within different 
larvae can have different branch numbers and different branching patterns152. In addition to 
this variability, terminal cells at different locations within the animal have different 
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morphologies, and the question is whether that is random variation of if some systematic 
patterns exist. For the quantitative scheme we analyze the dorsal terminal cells of segments 
3-6 as they appear to have more stereotyped patterned branching than other terminal cells 
thereby reducing the variability between cells within each condition. Two dorsal terminal 
cells are found side-by-side in each segment, one for each metamere that have fused 
together (Figure 35)162. We gathered the data from specific terminal cells within individual 
animals, recording their localization (which segment they belong to) and whether they are 
on the left side or the right side.  

 

Figure 35: Terminal cells in third instar Drosophila larvae. (A) The tracheal system in third instar 
wandering larva visualized with cytoplasmic GFP under the control of btl-GAL4. The red box marks the area 
of the dorsal terminal cells analyzed. Figure provided by Renjith Mathew. Left and right dorsal terminal cells 
from Dicer2+GFP animals grown at (B) 29°C and (C) 18°C. Scale bars: (A) 300 µm, (B, C) 50 µm. 

Our goal was to document and identify both gross and subtle differences in the effects of 
gene-inactivation or over-activation. More specifically we wanted to test i) the robustness 
of the phenotypic measures, ii) differences between segments/sides, iii) effects of 
temperature on terminal cell morphology and iv) the correlation between measures. This 
required careful analysis and description of each phenotype. To test the effectiveness of the 
protocol we analyzed control terminal cells and terminal cells expressing a selection of 
gene-specific RNA-mediated interference (RNAi). The genes studied here were crumbs 
(crb), myospheroid (mys, codes for βPS-integrin), rhea (codes for Talin) and Rab8. 
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Figure 36: Experimental setup. Left and right dorsal terminal cells of segments 3-6 were imaged and 
analyzed for control terminal cells and terminal cells expressing Rab8-RNAi, crb-RNAi, rhea-RNAi and 
mys-RNAi in three different genetic backgrounds (GFP, Dicer2+PIP2 and Dicer2+GFP) and at two different 
temperatures (18°C and 29°C). Each experimental condition was represented by a minimum of 13 cells.  

As the inactivation of gene function using RNAi utilizes the UAS-GAL4 system for 
targeted gene expression in Drosophila138 the expression of the RNAi is temperature 
dependent163. The efficiency of the RNAi is greater at higher temperatures than at lower 
temperatures. The efficiency can also be increased by overexpressing a component of the 
RNAi machinery, Dicer2164. By analyzing the effects of the RNAi expression at different 
temperatures and different genetic backgrounds we intended to analyze the range of 
phenotypes when we essentially titrate out specific proteins from the cells, to map mild and 
severe forms of the same phenotype. Therefore we tested the efficiency of the RNAi 
knockdown in three different genetic backgrounds. “GFP” that only expresses a 
cytoplasmic GFP and does not express any Dicer2, “Dicer2+PIP2” expressing Dicer2 
along with a PLCδ-PH-GFP, PIP2 binding domain tagged with GFP that labels the lumen 
of the terminal cell and “Dicer2+GFP” expressing Dicer2 along with a cytoplasmic GFP 
that labels the cells (Figure 36).  
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Figure 37: Expression of gene specific RNAi affect terminal cell morphology. (A) Control terminal cells 
(Dicer2/+;btl-GAL4,UAS-GFP/+) have branched extensively. Analysis of air-filling (box) was performed by 
visualizing the presence of lumen using transmission. (B) Rab8-RNAi terminal cells (Dicer2/Rab8-RNAi;btl-
GAL4,UAS-GFP/+) had less branches. A close-up of the branches (box) shows that there were multiple 
lumens in each branch. (C) crb-RNAi terminal cells (Dicer2/crb-RNAi;btl-GAL4,UAS-GFP/+) have fewer 
branches. A close-up of the branches (box) shows that the lumen was air-filled and only one lumen was 
present in each branch. (D) rhea-RNAi terminal cells (Dicer2/rhea-RNAi;btl-GAL4,UAS-GFP/+) had a few 
branches. A close-up of the branches (box) shows that there were multiple lumens in each branch. (D) mys-
RNAi terminal cells (Dicer2/mys-RNAi;btl-GAL4,UAS-GFP/+) had a few branches. A close-up of the 
branches (box) shows that there were multiple lumens in each branch. Scale bars: 50 µm. 

The depletion of Rab8 (our unpublished results, see Chapter 3), Talin and βPS-integrin147 
have previously been shown to affect terminal cell development whereas Crb depletion 
appears to have no effects156. To test whether the expression of the gene-specific RNAi 
results in effects similar to the previously reported phenotypes we expressed the Rab8-, 

B   Rab8-RNAi

btl>Dicer+GFP

E   mys-RNAi

A   Control C   crb-RNAi

D   rhea-RNAi

btl>Dicer+GFP btl>Dicer+GFP

btl>Dicer+GFP

btl>Dicer+GFP
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rhea-, mys- and crb-RNAi in terminal cells using btl-GAL4 in three different genetic 
backgrounds at 29°C and 18°C (See examples in Figure 37). As predicted, Crb depletion 
did not result in striking phenotypical defects (Figure 37B) whereas Rab8 and Talin 
depletion greatly affected branch formation and lumen morphology (Figure 37C, D). The 
depletion of βPS-integrin at 29°C was lethal and therefore the phenotype of the terminal 
cells could not be assessed at this temperature. In contrast, the expression of the mys-RNAi 
in terminal cells at 18°C results in viable animals allowing the visualization of the 
phenotype of those terminal cells. The depletion of βPS-integrin resulted in severe branch 
reduction and tube morphological defects (Figure 37E).  

4.4.2 Quantitative aspects of terminal cell morphology 

For each experimental condition we analyzed multiple dorsal terminal cells from 
metameric segments 3-6 using the automated quantitative scheme described in Materials 
and Methods. The cellular attributes measured in each cell were: number of branching 
points, total length of the cell and the area of the cell. 

 

Figure 38: Quantification of control dorsal terminal cell. Quantification of branch numbers, total cell 
length and cell area in dorsal terminal cells expressing Dicer2 and cytoplasmic GFP. Dots represent the 
measurement of individual cells. The horizontal lines represent the mean ± standard deviation (SD). n = 17. 

As a proof of principle we analyzed Dicer+GFP, control dorsal terminal cell raised at 29°C 
(Figure 38). This revealed that an average dorsal terminal cell of segments 3-6 had 44 
branches, with a total length of 5089 µm (or ~5 mm) and an area of 9426 µm2. 

As mentioned above, the expression of Rab8-, rhea- or mys-RNAi in dorsal terminal cell 
results in striking phenotypes whereas the crb-RNAi expressing had little or no effects 
(Figure 37). The effects of the depletion was quantified by counting branch numbers, 
measuring the total length of the terminal cells and measuring the terminal cell area. By 
examining the results we can appreciate the different effects in the efficiency of the RNAi 
has in combination with different genetic backgrounds and temperature. For example mys-
RNAi expression is lethal in combination with Dicer2+GFP at 29°C but is not lethal with 
either GFP at 29°C or Dicer2+GFP at 18°C (Figure 39 samples labeled in red). This hints 
that both genotypes and temperature affect the efficiency of the knockdown. Furthermore, 
it is unlikely that genotypes and temperature affect all variables (measured attributes) and 
all analyzed gene-specific RNAi in the same way, but the degree of variability and strength 
of interactions among Dicer2 dose, specific genes and temperature remain to be explored.  
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Figure 39: Quantification of dorsal terminal cells. Quantification of branch numbers, total cell length and 
cell area in control dorsal terminal cells and Rab8-, rhea-, mys- and crb-RNAi dorsal terminal cells 
expressing either cytoplasmic GFP, Dicer2 and PIP2 or Dicer2 and cytoplasmic GFP at 18°C and 29°C. Red 
highlights cases that behave very differently depending on genotype and temperature. Blue highlights cases 
where the measured traits behave differently within the same RNAi, genotype and temperature. Dots 
represent the measurement of individual cells and the horizontal lines represent the mean ± standard 
deviation (SD). n = 12 – 27. 

4.4.3 Cellular branching traits behave differentially 

In general one can imagine that a highly branched cell terminal cell would also be long and 
that a long terminal cell would also have large area. However, this does not always have to 
apply. For example, a terminal cell that has fewer branches but longer distances between 
branching points might maintain an average total length. The same applies for a terminal 
cell that has an average total length but reduced diameter of branches, resulting in a smaller 
area. By analyzing and comparing the effects the depletion of different genes have on these 
cellular attributes one can identify genes that regulate these aspects while not affecting 
other aspects of cell growth. We first tested the sensitivity of the three major traits to the 
experimental perturbations. Secondly, to test whether there is a relationship between the 
cellular aspects we examined the correlation between the traits. 

The effect of gene-specific RNAi could be clearly appreciated for the number of branching 
points, network length and network area. However, it appears that the number of branches 
is affected to lesser extent. For example, in the case of mys-RNAi in Dicer2+GFP at 18°C 
(Figure 39 labeled in blue) the length of the network, and the area of network were 
severely affected when compared with control terminal cells, whereas the number of 
branching points did not appear to be affected to the same extent. By quantifying 
percentage of branches in gene-specific RNAi we can see that the measured cellular 
attributes were affected to a similar degree, although slight differences can be seen such as 
for crb-RNAi expressed in the GFP background at 29°C (Figure 40). This shows that not 
all measurable traits are affected identically by the depletion of those four gene products. 

 

Figure 40: Cellular traits are affected to a similar degree. The numerical values in gene-specific RNAi for 
branching points, network length and network area expressed as percentage of the control values in different 
genotypes at different temperatures. Bars represent the mean ± standard deviation (SD). Dotted line 
represents the control percentage (100%). 
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Figure 41: Correlation between variables. Scatter plot of variables shows that there is positive correlation 
between all variables. r = Pearson correlation coefficient, p<0.0001. n = 503. 

We tested whether there is the correlation between all variables using Pearson correlation. 
There is a strong relationship between all three variables, the number of branching points, 
length and area of the cell, Pearson correlation 0,897 or higher p<0.0001 in all cases 
(Figure 41). This means that terminal cells that have more branches are both longer and 
have more area. Because of the close correlation between network length and network area 
we will not present the results for network area separately. 

4.4.4 Are terminal cells of different sides and segments alike?  

Oxygen physiology regulates larval terminal cell branching, consequentially resulting in 
corresponding terminal cells in different larvae having different branch numbers and 
different branching patterns152. In our scheme we analyzed left and right dorsal terminal 
cells of segments 3-6. To be able to combine the data from different segments and different 
sides of the we tested whether there is any significant difference between the dorsal 
terminal cells on the right or left side of the animal and between terminal cells from 
different segments by performing a paired t-test on the differences between the two cells. 
There was no significant difference present between left and right dorsal terminal cells 
within segments on any of the measured traits (NoJ: p = 0.645, LoN: p = 0.1344, AoN: p = 
0.09557).  

 

Figure 42: Dorsal terminal cells of different segments. Box plots of sqrt/log transformed measurements 
scaled with each individual mean and standard deviation. P-values are found in Supplementary table 1. 
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We also tested whether dorsal terminal cells belonging to different segments are 
significantly different from one another. Comparison of terminal cells of different 
segments using one-way ANOVA with random effects revealed a significant difference 
between the segments for all variables (Supplementary table 1). Therefore, the dorsal 
terminal cells of different localization differ. All variables show a similar trend where 
anterior dorsal terminal cells are smaller than the posterior ones (Figure 42). Therefore we 
account for segments in our analysis below. 

4.4.5 Impact of temperature and genotypic background on 
cellular branching traits 

We expected that the efficiency of the RNAi would be greatest at higher temperatures in 
the presence of Dicer2 and conversely lowest at lower temperatures without Dicer2. This 
was clearly visible even before any of the quantification, e.g. as the mys-RNAi resulted in 
lethality only in the presence of the Dicer2 at 29°C whereas at lower temperature or when 
Dicer2 is not present the mys-RNAi does not result in lethality. Interestingly, mys-RNAi 
did not cause lethality in the Dicer2+PIP2 genetic background at the same temperature 
although we would expect the temperature and Dicer2 to have the same effect in that 
background. To test the effects of temperature and genotype on different cellular attributes 
in control cells and gene-specific RNAi expressing cells we applied a mixed linear 
regression model.  

We identified a three-way interaction between RNAi, genotype and temperature for the 
number of branching points, network length and network area (p<0.0001, Supplementary 
table 1), where increased temperature, the presence of Dicer2 and the expression of gene-
specific RNAi reduces the number of branching points.  

 

Figure 43: Effect of experimental conditions on the number of branching points and network length 
within control cells. Graphs display 95% confidence intervals calculated for the number of branching points 
and in control cells. Significant difference is present if confidence intervals do not overlap. Calculated p-
values can be found in Supplementary table 2. 

For control cells the 95% confidence intervals calculated for the number of branching 
points showed that the confidence interval of control Dicer2+PIP2 at 18°C and 
Dicer2+GFP at 29°C did not overlap, indicating that there was a significant difference 
between the two (Figure 43). In contrast, the 95% confidence intervals calculated for the 
length of the network showed no overlap. Furthermore, for cells at 29°C the confidence 
intervals of branching points most commonly spanned higher values. This shows that the 
number of branching points in terminal cells increases at higher temperatures in all genetic 
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backgrounds. Despite the tight correlation traits (Figure 41), genotype and temperature 
have significant effects of branch number but not on network area or length 
(Supplementary table 2). Therefore, although control cells do not express any RNAi 
genetic background and temperature have an effect on the branch numbers but not area and 
length, suggesting that the branching numbers might be more sensitive to genetic 
backgrounds.  

 

Figure 44: Effect of experimental conditions on the number of branching points and network length 
within gene-specific RNAi. Graphs display 95% confidence intervals calculated for (A) the number of 
branching points and (B) by our model for Rab8-, crb-, rhea- and mys-RNAi. Significant difference is 
present if confidence intervals do not overlap. Calculated p-values can be found in Supplementary table 2. 

For terminal cells expressing Rab8-, crb- and rhea-RNAi there was a significant difference 
between the experimental conditions, as was observed by the non-overlapping confidence 
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intervals for both the number of branching points and network length (Figure 44). In 
contrast to control cells, we identified a two-way interaction between genotype and 
temperature in all terminal cells expressing gene-specific RNAi (Supplementary table 2). 
This means that for Rab8-, crb- and rhea-RNAi expressing terminal cells the effect the 
temperature has on the branching numbers and network length depends Dicer2 genotype. 
This demonstrated, for instance for Rab8, were the strongest effects are seen with 
Dicer2+PIP2 at 18°C and Dicer2-GFP at 29°C. The other conditions are not statistically 
distinguishable. In the presence of GFP and Dicer2+PIP2 the confidence interval for the 
number of branching points is higher at 29°C than at 18°C, conversely for Dicer2+GFP the 
confidence interval for 29°C is lower than at 18°C (Figure 44). Therefore, higher 
temperature appears to increase the effect of the RNAi in Dicer2+GFP and decrease the 
effect in Dicer2+PIP2 and GFP.  

For terminal cells expressing mys-RNAi there was a significant difference between the 
experimental conditions, as seen by the non-overlapping confidence intervals (Figure 44). 
The model also identified a two-way interaction between genotype and temperature for 
terminal cells expressing mys-RNAi (Supplementary table 2). In the presence of GFP and 
the confidence interval for the number of branching points is lower at 29°C than at 18°C, 
conversely for Dicer2+PIP2 the confidence interval for 29°C is higher than at 18°C. 
Therefore, higher temperature appears to increase the effect of the RNAi in GFP and 
decrease the effect in Dicer2+PIP2. The model could not estimate the effects of 
temperature in Dicer2+GFP as the expression of mys-RNAi in Dicer2+GFP resulted in 
lethality at 29°C.  

4.4.6 Impact of temperature and genotypic background on 
cellular branching traits 

As mentioned earlier, the expression of Rab8-, rhea- or mys-RNAi in dorsal terminal cell 
results in striking phenotypes whereas the crb-RNAi expressing had little or no effects 
(Figure 37). To quantify the effect of RNAi knockdown had on all cellular traits (number 
of branching points, network length and network area) we calculated the difference from 
control for each gene-specific RNAi. There was a significant reduction of branching points 
and network length in terminal cells expressing Rab8-, rhea- and mys-RNAi at both 29°C 
and 18°C and all genotypes (Figure 45). In contrast to the other gene-specific RNAi the 
expression of crb-RNAi showed a significant difference from control in the presence of 
Dicer2. The expression of Dicer2 induces efficiency of the crb-RNAi resulting in reduction 
in the number of branching points. More generally, the expression of Dicer2 increases the 
difference from control for all the four genes tested. Increased temperature has the same 
effect. Due to the high correlation between the cellular attributes both the length of the 
network and the area of the network were affected in a similar manner (Figure 45, data not 
shown for network area).  
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Figure 45: Difference between WT and gene-specific RNAi on the number of branching points and 
length of network. The graph shows 95% confidence intervals calculated for the differences in the number 
of branching points and network length present in Rab8-, crb-, rhea- and mys-RNAi from control. The 
difference is considered significant from control if the confidence intervals do not overlap with 0. Calculated 
p-values can be found in Supplementary table 3.  

The effect of temperature and genotypes on the number of branching points and network 
length, within the control and gene-specific RNAi was analyzed further by extracting the 
information from the mixed-effect linear regression model. No two-way interaction 
between genotype and temperature was present in control terminal cells for all cellular 
attributes (Supplementary table 3). This means that the effect the temperature has on the 
cellular attributes, does not depend on genotype of Dicer2.  

4.5 Conclusion 
The complex morphology of branched cells represents a challenge for phenotyping. Our 
work has focused on the development and genetics of terminal cell development in 
Drosophila, with the aim of identifying new genes participating in generating the complex 
cell shape. The protocol described here allows the detailed quantification of number of 
branching points, network length and network area using a semi-automated approach. We 
analyzed the dorsal terminal cells of segments 3-6 in third instar D. melanogaster larva. 
There was a significant difference in the quantified attributes of terminal cells belonging to 
different segments, where cells at the posterior end were slightly larger than cells at the 
anterior end. Therefore it is both important to note the localization of analyzed terminal 
cells. Also the data reveal that the Dicer2 genotype and the temperature they are grown at 
therefore it is important to incorporate statistically their effects, when studying the effects 
of RNAi knockdown on those traits.  

We used this protocol to determine the effects of expressing gene-specific RNAi in 
different Dicer2 backgrounds and at different temperatures. In contrast to previous reports 
of crb mutants156, we find that the expression of crb-RNAi resulted in a slight defect in 
terminal cell morphology. Therefore it is important to test this RNAi construct further and 
assess whether there are any off-targets effects. We find that the expression of all RNAi 
constructs tested here, affect the terminal cell morphology in a Dicer2 genotype and 
temperature dependent manner. As expected, the RNAi machinery is most efficient at 29°C 
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and in the presence of Dicer2. However, it matters which Dicer2 strains are used. The 
presence of the PIP2 decreases the effect of the Dicer2 genotype has on branching 
numbers, network length and area. One reason could be that the apical localization of the 
PIP2 sensor induces the growth of the cell counteracting the RNAi knockdown effects.   

We observed a strong correlation between the three cellular attributes (number of 
branching points, network length and network area) in all experimental conditions and all 
gene-specific RNAi affected these traits to a similar degree (Figure 40). Cells that have 
fewer branches also have shorter networks. However, one can imagine a scenario where 
this is not the case. For example, a short network could have normal number of branching 
points, where the distance between the branching points is shorter than normally. This 
would suggest that the molecular pathway regulating the distances between branching 
points is affected. In summary, we argue there is no one most sensitive terminal cell trait 
that research should focus on. We argue that by simultaneously estimating multiple traits, 
we gain more power to disentangle the distinct effects of specific alleles, genes and 
environmental manipulations on terminal cell morphology. 

Recently, a technique for analyzing both branching patters and tube formation in in larval 
terminal cells was published161. There the branching pattern was analyzed by manually 
tracing both the cellular branches and lumen148. However, this technique does neither 
measure the number of branching points nor cellular area.  

From the image data we summarized only three variables, the number of branching points, 
length and area of terminal cells in third instar larvae. However, several other aspects of 
terminal cell morphology can also be quantified. For example it can be used to study 
cellular arbor or even branching patterns such as to estimate angles between branches, 
distances between branching events and fraction of class I and II branches, of control 
terminal cells to identify a normal branching pattern for a particular terminal cells 
depending on its location as this could be affected by the underlying muscle. Moreover, the 
protocol can be used to image terminal cells at different stages of development to 
determine the progression of a phenotype. Our future interest would be to also to include 
measurements of luminal morphology, such as volume and tube length as many mutants 
affect the luminal morphology117. 

Science is still far from capturing in full the complexity of the growth, shape and migration 
of cells during development of animals. By focusing on a specific cell type, the tracheal 
terminal cell, in Drosophila larvae we show how a combination of advanced microscopy, 
image processing and statistics can be used to capture some of this complexity. The data 
offer richer way of studying the impact of specific genes and pathways on the morphology 
and biology of branched cells and in the future de novo lumen formation. 
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Supplementary tables 
Supplementary table 1: Terminal cells between segments are different. 

 

Supplementary table 2: Effect of genotype and temperature on the number of branching points, 
network length and network area within WT and gene-specific RNAi. 

  

Attributes Significance

Number of branching points ****
Length of network ****
Area of network ****

The significance of segments in
measurements from number of branches,
length of network and area of network. ns =
p>0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001. 

Attributes RNAi Interaction Genotype TM

contol ns *** **
Rab8 **** N/A N/A
crb *** N/A N/A
rhea ** N/A N/A

contol ns ns ns
Rab8 **** N/A N/A
crb **** N/A N/A
rhea * N/A N/A

contol ns ns ns
Rab8 ** N/A N/A
crb **** N/A N/A
rhea * N/A N/A

Area of 
network

The p-value for interaction between genotype and temperature
on the number of branching points and network length for
control, Rab8-, crb-, rhea- and mys-RNAi. p-values for
genotype and temperature were not applicable (N/A) when
significant interaction was present. ns = p>0.05, * = p<0.05, **
= p<0.01, *** = p<0.001, **** = p<0.0001. 

Length of 
network

Number of 
branching 

points
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Supplementary table 3: Difference between WT and gene-specific RNAi for the number of branching 
points, network length and network area. 

 

 

   GFP   Dicer2+GFP    GFP   Dicer2+GFP
Rab8 *** *** *** ***
crb *** *** ns *
rhea *** *** *** ***
mys *** *** *** ***

Rab8 *** *** *** **
crb ns *** ns *
rhea *** *** *** ***
mys *** *** *** ***

Rab8 *** *** *** **
crb ns *** ns *
rhea *** *** *** ***
mys *** *** *** ***

Number of 
branching 

points

Area of 
network

Length of 
network

29°C 18°C

The p value is extracted from our model using simultaneous tests
for general hypothesis. * = p<0.05, ** = p<0.01, *** = p<0.001. 
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Paper I: Molecular mechanisms of de 
novo lumen formation 
Abstract 
Many organs contain networks of epithelial tubes that transport gases or fluids. A lumen 
can be generated by tissue that enwraps a pre-existing extracellular space or it can arise de 
novo either between cells or within a single cell in a position where there was no space 
previously. Apparently distinct mechanisms of de novo lumen formation observed in vitro 
— in three-dimensional cultures of endothelial and Madin–Darby canine kidney (MDCK) 
cells — and in vivo — in zebrafish vasculature, Caenorhabditis elegans excretory cells and 
the Drosophila melanogaster trachea — in fact share many common features. In all 
systems, lumen formation involves the structured expansion of the apical plasma 
membrane through general mechanisms of vesicle transport and of microtubule and actin 
cytoskeleton regulation. 

Introduction 
A common mechanism of multicellular lumen formation is the invagination of an epithelial 
sheet accompanied or followed by rearrangement of cells within the sheet. In this mode of 
lumen formation, a pre-existing ‘outside’ space is enwrapped by a polarized epithelium 
and becomes the lumen of the tube. Rearrangements of cells often do not create a new 
lumen but change an existing one. For example, in the dorsal branch of the Drosophila 
melanogaster tracheal system, cells slide against each other to form a unicellular tube1 but 
the lumen enclosed by the cells had already existed when the cells were part of a 
multicellular tube, which in turn had formed by epithelial invagination. During these 
processes — epithelial invagination or wrapping and cell rearrangements — the apical side 
of the epithelium faces the ‘outside’ even before a tube arises and continues to face that 
space. An enclosed space can also be created, either within single cells or between cells, 
where there was no ‘outside’ space previously, a phenomenon referred to as ‘de novo’ 
lumen formation. In nearly all lumens, whether they are multicellular or unicellular and 
whether they are created by epithelial folding or de novo, the plasma membranes that 
surround the lumen are the apical cell surfaces of the cells that constitute the lumen.  

Originally described in insects2,3, de novo lumen formation was first observed in mammals 
in 1972 by Wolff and Bär4, who studied rat brain capillaries, and later by Folkman and 
Haudenschild5, who studied tumour angiogenesis in vitro. The term ‘de novo lumen 
formation’ has since been used for various processes in the literature. ‘De novo’, in terms 
of lumen formation, means that a new hollow space is created where there was no space. 
This can occur both for a lumen forming within a single cell (subcellular lumen) and for a 
lumen arising between cells that had originally been a compact cell group (extracellular 
lumen).  

Three mechanisms of de novo lumen formation have been described for which the above 
definition applies: cord hollowing, cell hollowing and cavitation6 (FIG. 46). Cord 
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hollowing (FIG. 46a) is the appearance of a hollow space between two or more cells that 
were initially tightly apposed. The creation of a lumen within a cell that is initially not 
hollow and has no indentations is called cell hollowing (FIG. 46b). Cavitation is the 
process through which the death of cells at the centre of a multicellular assembly creates a 
hollow space (FIG. 46d).  

We add to this list a fourth mechanism, which we call plasma membrane invagination 
(FIG. 46c). A single cell can create an internal lumen when a patch of predetermined apical 
membrane invaginates and is extended towards the interior of the cell. One could argue 
that this mode of lumen formation only extends an existing lumen rather than creating a 
lumen de novo, but the fact that the membrane material for the tube is synthesized and 
delivered by the lumen-forming cell itself in our view qualifies this as de novo lumen 
formation. The type of tube that is created through this process is usually called an 
intracellular tube, as the lumen is seen ‘inside’ the cell. However, we consider this to be 
confusing, as the membrane that invaginates and forms the tube is the plasma membrane 
and therefore the outer cell surface. Topologically, the ‘inside’ of the cell is the cytoplasm 
between the tube membrane and the outer cell membrane. We therefore propose the term 
‘subcellular’ to describe these tubes. 

In this Review, we examine representative examples of de novo lumen formation from 
different model systems to identify the unifying principles of the process. First, we provide 
brief descriptions of the morphological characteristics and the topology of lumen formation 
in five distinct model systems. Second, we suggest that the processes of de novo lumen 
formation in different systems share a common sequence of cell biological processes: tube 
initiation, which involves polarization and definition of the position at which tube growth 
will begin; addition of new membrane material to this site; spatial organization of the 
added membrane; and maturation and termination. 

Towards a unifying definition 
Considerable progress has recently been made in understanding the mechanisms of de novo 
lumen formation through the use of sophisticated three-dimensional (3D) cell cultures and 
advanced in vivo imaging in suitable model systems. The cell biological and molecular 
mechanisms underlying de novo lumen formation that are shared across different model 
systems now justify a unifying definition. Three of the four processes of de novo lumen 
formation — cell hollowing, cord hollowing and plasma membrane invagination (FIG. 
46a–c) — share many mechanistic similarities: the cells that end up forming the tube are 
the active participants in structuring the tube, and they all produce the apical cell 
membrane components that will generate the lumen de novo. Although at the level of the 
organ, cavitation (FIG. 46d) also clearly qualifies as the creation of a new hollow space, it 
seems to differ from the other processes in terms of cell biological mechanisms. The 
defining process is the death of the cells that will not contribute to the tube, and although 
new apical polarity is established, the production of new tube membrane material does not 
contribute substantially to the forming tube. Therefore, we do not discuss cavitation in this 
Review.  

We suggest calling de novo formation of the lumen the process in which extensive 
synthesis of membrane material and its structured incorporation into the apical plasma 
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membrane create a luminal space where no space existed before. This process has already 
been described in several models of de novo lumen formation, as discussed below.  

Models of de novo lumen formation 
The classical vertebrate system for studying de novo lumen formation — namely, 
endothelial cell cultures — is now complemented by 3D epithelial cell cultures and in vivo 
observations of angiogenesis in vertebrates. In addition, two invertebrate models — 
namely, the tracheal cells in D. melanogaster and the excretory cell in Caenorhabditis 
elegans — have provided many insights into the molecular and cell biological mechanisms 
of the de novo formation of subcellular lumens. Here, we focus on these four models, 
although others, such as notochord hollowing in Ciona spp., also involve de novo lumen 
formation and apical membrane delivery, and will undoubtedly contribute to our 
understanding of the general mechanisms of the process7.  

3D endothelial cell culture 

Human umbilical vein endothelial cells can form multicellular tube networks in 3D 
matrices in the presence of appropriate growth medium8–10. Depending on the culture 
conditions, this system can be used to mimic either vasculogenesis or angiogenesis. 
Vasculogenesis occurs when the cells are suspended as single cells within the matrix. 
Angiogenesis is induced when the cells are spread on top of the matrix, which they then 
invade.  

In 3D culture systems of endothelial cells, the lumen can form through two different 
processes (FIG. 47A). Individual cells form vacuoles through pinocytosis, and these 
vacuoles then coalesce and generate a lumen within the cell (FIG. 46b). The cells then 
connect to each other to develop a continuous lumen. Alternatively, endothelial cells can 
also make lumens by cord hollowing without forming the large intracellular vacuoles (FIG. 
46a). This is the case when the lumen arises after cells have established contact with each 
other9,11.  

An advantage of using an in vitro organ culture system is that genetic manipulations, such 
as knockdown of gene functions, can be carried out without concern as to whether the gene 
in question is needed elsewhere in the organism before the process under investigation 
even occurs. Such systems are also more amenable to pharmaceutical and biochemical 
studies than in vivo models.  

MDCK 3D cell culture 

Madin–Darby canine kidney (MDCK) cells are epithelial cells that have served as an 
excellent in vitro model to study lumen formation (FIG. 47B). When cultured in a 3D 
extracellular matrix (ECM), the suspended cells can migrate and proliferate to form 
hollow, fluid-filled spherical monolayers, which are termed cysts6. The lumen of the cyst is 
an intercellular space that is generated de novo during this growth process. Exposure of 
preformed cysts to hepatocyte growth factor causes a subset of cells from the cyst wall to 
protrude into the surrounding matrix to form a cord of cells that further develops into a 
tube12–14. Both cysts and end-stage tubes are polarized: the apical membrane faces the 
lumen, basolateral membranes face the ECM and cell–cell junctional complexes are 
located on lateral membrane borders.  
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The lumens of cysts and tubes can be formed either by cord hollowing or by cavitation 
(FIG. 46a,d). It arises at the membrane interface between two polarized cells that are 
attached to each other by tight junctions. During cord hollowing, vacuoles containing 
apical markers are exocytosed to the site of the cell–cell contact. As this system allows the 
observation of the entire transition of cell clusters from a stage at which they do not yet 
enclose a lumen to the cyst with a lumen, it is especially suitable for studying the very first 
steps of polarity establishment and the definition of the site of future lumen growth. 

Zebrafish vasculature 

De novo lumen formation occurs during the development of the vertebrate vasculature: that 
is, during angiogenic sprouting and anastomosis between vessels. This has been studied in 
vivo in the zebrafish.  

The intersegmental vessels (ISVs) of the zebrafish vascular system are small vessels that 
connect the dorsal aorta to the dorsal longitudinal anastomotic vessel. The ISVs develop 
through sprouting angiogenesis, which involves the migration of the endothelial cells from 
the dorsal aorta15 and the subsequent anastomosis of the tip cells of the ISV. Another 
vessel that has been studied in the zebrafish is an anastomosing brain artery16. The lumens 
in these cells form through multiple mechanisms, including plasma membrane invagination 
and cord hollowing (FIG. 47C). Cord hollowing creates a de novo lumen at the site of 
anastomosis that connects to the rest of the vascular system by either plasma membrane 
invagination or junctional rearrangement depending on the presence of blood pressure at 
the time of lumen formation16,17. It has also been suggested that the lumen may be created 
by intracellular vacuoles fusing to each other and eventually fusing to the sites of cell–cell 
contact18. Thus, similarly to what is seen in endothelial cultures, various mechanisms of de 
novo lumen formation seem to operate in vertebrates in vivo, suggesting that plasticity may 
be a common feature of lumen-forming cells. 

D. melanogaster tracheal cells 

The D. melanogaster tracheal system is a highly branched network of epithelial tubes that 
transport air to tissues. Its segmental subunits arise during embryogenesis as invaginations 
of placodes in the ectodermal epithelium. Each placode extends and branches through the 
migration and rearrangement of its constituent cells. The segmental units later fuse to form 
a single, interconnected system containing lumens of varying topological complexity. De 
novo lumen formation occurs in various parts of the tracheal system. Specialized fusion 
cells mediate the fusion of segmental subunits and also the fusion between anastomosing 
branches of the system. Fusion cells at the tip of migrating branches recognize and contact 
each other via filopodia and establish new adherens junctions at the contact site, at which a 
lumen eventually breaks through19,20 (FIG. 47D). Assembly of apical membrane materials 
de novo at the new junctions initiates the formation of a subcellular tube in the fusion cells. 
In parallel, a tube is extended from the region where the fusion cell has a junction with the 
preceding cell of the branch. The two apical membranes grow until they meet and fuse 
within the fusion cells, forming a continuous subcellular, seamlesslumen21,22.  

During larval development, a subset of epithelial cells of the embryonic tracheal system 
grow into extensively ramified cells that have multiple branches, each with a subcellular 
lumen. Each terminal cell has a junction with the preceding cell of the branch (FIG. 47E). 
The luminal cell membrane is apical, whereas the rest of the plasma membrane is 
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basolateral23. The lumen was initially proposed to form by cell hollowing through the 
coalescence of intracellular vesicles (reviewed in REF. 24). More recent data suggest that 
the lumen forms by rapid addition of new apical membrane material to the region of the 
cell that forms a junction with the preceding cell of the branch23. Apical membrane 
assembly results in the invagination of the pre-existing apical domain. Thus, the terminal 
cell is an example of de novo lumen formation by plasma membrane invagination (FIGS 
1c,2E). At later stages, when more extensive branching morphogenesis takes place, the 
creation of a subcellular lumen from coalescing vesicles that later fuse with a pre-existing 
lumen probably also contributes to lumen formation.  

Whereas in vitro models may be more amenable to experimental manipulations, in vivo 
models show us how subcellular processes studied in culture are deployed in the natural 
environment and the wide range of variations on the basic processes imposed by the 
physiological needs of the body. Unbiased genetic screens enable the discovery of 
unanticipated molecules and mechanisms.  

C. elegans excretory cells 

The C. elegans excretory system functions in waste disposal and the regulation of 
osmolarity, analogously to the urinary system in higher organisms. It consists of five 
epithelial cells that form a fluid-filled tubular system. The excretory cell contributes to 
most of the luminal structure of the system. During embryogenesis, the excretory cell 
grows into an H-shaped structure, with its four processes extending anteriorly and 
posteriorly along the body of the animal (FIG. 47F). During larval development, the 
cellular processes continue to grow along with the growth of the larva25. In the mature cell, 
the cytoplasm surrounding the tube contains cyst-like membrane structures called 
canaliculi. The cell uses the canaliculi under osmotic stress to increase the surface area of 
the tube by fusing them to the luminal membrane26,27.  

Like other lumen-bearing cells, the excretory cell is polarized, with the apical plasma 
membrane at the luminal surface. The development of the subcellular lumen in the 
excretory cell is preceded by the appearance of intracellular vesicles that carry apical 
plasma membrane markers. Based on electron microscopy images, it has been proposed 
that fusion of these vesicles forms the tube within the growing cell, and the tube eventually 
connects to the outside of the cell by fusing with the plasma membrane at the position 
where the excretory cell forms junctions with other cells of the excretory system28. The 
excretory cell has therefore been cited as an example of true intracellular tube formation 
(FIG. 46b), but a more extensive documentation and live analysis will be needed to 
strengthen this case.  

In the examples above, de novo tube formation has been studied from various angles, and 
some of the models were chosen as the result of historical contingencies rather than on the 
basis of the model being particularly suitable for the study of specific cell biological 
questions. For example, in the case of the in vivo models, it was the recognition that the 
genetic approaches that had been so successful for studying other developmental questions 
could be used to address entirely new physiological problems. Comparison of the different 
examples of de novo lumen formation now shows that all cases share a common sequence 
of cell biological processes, which we address in the next section. 
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Steps in de novo lumen formation  
Lumen formation begins with the definition of the position where the new space will 
develop. Lumen growth is then initiated by the polarized trafficking of membrane vesicles, 
which are targeted to the site of growth and fuse with the plasma membrane. 
Concomitantly, the lumen has to be structured into the correct shape with the help of the 
cytoskeleton and its regulators, as well as with mechanisms that generate intraluminal 
turgor. Last, the lumen matures to attain its physiological function, and growth is 
terminated in a spatially and temporally regulated manner. Here, we analyse each step of 
the process and describe the molecular mechanisms that have been revealed in the different 
model systems described above.  

Given the fact that the major task in a lumen-forming cell is the delivery of membrane 
material to the apical plasma membrane in a structured manner, it is not surprising that the 
main cellular systems used are the vesicular transport and fusion machinery and the 
cytoskeleton. These systems function from the initial definition of the site of lumen 
formation, to the structured assembly of the lumen, to its final maturation and maintenance.  

Lumen initiation 

The formation of a lumen requires definition of the site where lumen growth will occur: 
that is, the site where membrane material will be added to the plasma membrane to create a 
space de novo. This may involve establishing cell polarity de novo (BOX 1) and setting up 
a new apical membrane domain; alternatively, growth can start at a pre-existing apical 
landmark in an epithelial cell.  

Tracheal cells and zebrafish vascular cells have preset sites at which tube growth begins, as 
the cell is part of the polarized epithelium that forms the multicellular tubes of the system. 
These cells have a pre-existing apical surface that faces the lumen of the preceding cell of 
the branch. This patch is surrounded by a circular adherens junction, through which the cell 
is attached to the parent epithelial tube15,17,19,29. Luminal membrane addition occurs at this 
patch.  

In other lumen-forming cells, the site at which the lumen will be generated is usually 
defined through interactions with the microenvironment via either the ECM or direct cell–
cell contact (FIG. 48). Evidence for ECM involvement in lumen initiation can be found in 
MDCK cell cultures and endothelial cell cultures. MDCK cells lacking β1-integrin are 
incapable of initiating polarization, resulting in improper polarity and the absence of 
lumens30,31. Endothelial cells also require the binding of integrin to the ECM to initiate 
intracellular vacuole formation and in turn to induce lumen formation8,32,33. Both in MDCK 
cells and in endothelial cells, cytoskeletal regulators are activated downstream of the 
ECM–integrin interaction. In endothelial cells, integrin binding to the ECM activates 
CDC42 and RAC1 (REFS 34,35), whereas in MDCK cells the defects resulting from the 
loss of integrin are associated with the inappropriate activation of the RHOA–Rho-
associated protein kinase 1 (ROCK1)–myosin II pathway, as well as RAC1 (REF. 31). The 
RHO family members CDC42, RAC1 and RHOA can induce cell polarity by regulating 
cytoskeletal dynamics through their interaction with actin organizers such as the actin-
related protein 2/3 (ARP2/3) complex. This activation of molecules downstream of the 
ECM– integrin signalling cascade sets the stage for vesicular delivery to the lumen 
initiation site.  
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In MDCK cells, the first sign of impending apical membrane generation is the formation of 
the apical membrane initiation site (AMIS), a membrane patch at the contact surface 
between cells to which podocalyxin is delivered by transcytosis. The AMIS then matures 
and forms the pre-apical patch (PAP)36, a platform for the assembly of apical polarity 
determinants (reviewed in REFS 37–39). AMIS formation requires the small GTPases 
RAB8A and RAB11A, which aid in the delivery of vesicles with associated apical polarity 
proteins such as PAR3, atypical protein kinase C (aPKC), CDC42 and CRB to the 
membrane36. These factors are possibly needed for the localization of PTEN to the AMIS, 
and PTEN is in turn required for the establishment of phosphoinositide asymmetry in the 
plasma membrane40 and the subsequent apical recruitment of proteins via their 
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2)-binding domains.  

In the fusion cells in the D. melanogaster tracheal system and vascular anastomoses in 
zebrafish, a similar sequence of events occurs. The contact site at which the fusion partners 
first touch each other becomes apical in character. Initially, E-cadherin accumulates here 
and a cytoskeletal track consisting of actin and microtubules is nucleated16,23,41,42. The 
contact region then recruits vesicles and apical proteins such as Bazooka, aPkc and Crb 
before a lumen begins to appear21.  

Thus, a common theme emerging from studies of several models is the following order of 
events: transmembrane proteins, such as E-cadherin and integrins, become activated or 
asymmetrically distributed, and this results in intracellular signalling that then leads to 
cytoskeletal rearrangements, which in turn are necessary to direct the delivery of apical 
determinants to the lumen initiation site (FIG. 48).  

Apical membrane growth 

The next step is to deliver sufficient membrane material to the apical plasma membrane in 
order to create and expand a new luminal space. This is the major step that distinguishes de 
novo lumen formation from other mechanisms of creating a lumen.  

Although the secretory pathway is already involved in establishing the growth initiation 
site — for example, in supplying transmembrane proteins such as CRB or transferring 
podocalyxin to the AMIS — it is at this stage that vesicular transport of large amounts of 
membrane material is needed, and the vesicle transport machinery together with the 
cytoskeleton that guides the vesicles have correspondingly important roles (FIG. 49).  

Cellular membranes are formed from phospholipids produced in the smooth endoplasmic 
reticulum43. Material can be delivered from the endoplasmic reticulum to the plasma 
membrane along the secretory pathway via the Golgi and subsequent vesicular 
intermediates or by various other routes, including direct transfer of material between the 
endoplasmic reticulum and plasma membrane at specialized contact sites44. Roles for com-
ponents of the secretory apparatus and vesicle-targeting and -sorting molecules (BOX 2) 
have been identified in all of the systems that have been studied.  

In MDCK cysts, synaptotagmin-like protein 2A (SLP2A), together with RAB27, targets 
vesicles to the AMIS, where SLP4A, RAB27–RAB3–RAB8 and syntaxin 3 control 
vesicular fusion. Thus, SLP2A and SLP4A work together to ensure the formation of a 
single lumen in cysts by coordinating the spatiotemporal organization of vesicular 
transport45. Syntaxin 16, a t-SNARE involved in transport of cargo molecules from 
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endosomes to the Golgi, is needed for the recycling of E-cadherin at the plasma membrane. 
In the absence of syntaxin 16, E-cadherin is mislocalized and apical membrane material is 
mispositioned in the cyst structure, generating multiple, separate lumens46. In D. 
melanogaster tracheal terminal cells, mutation of N-ethylmaleimide-sensitive factor 2 
(Nsf2) — a protein needed for SNARE recycling — results in apical membrane expansion 
defects, whereas Germinal centre kinase III, a putative Golgi resident kinase, is required 
for regulating the traffic of material to the apical domain47. Many other molecules involved 
in mediating membrane transport during lumen expansion have recently been reviewed 
elsewhere37. The SLP family members have been implicated in the regulation of membrane 
trafficking. In the tracheal terminal cells, the sole D. melanogaster representative of the 
SLP family, Bitesize, is needed for the delivery of apical membrane material to the luminal 
plasma membrane29.  

In endothelial cell cultures, RAC1 and CDC42 are involved in targeting vesicles to 
intracellular vacuoles that are generated by pinocytosis33 and thereby enable the vacuoles 
to enlarge and coalesce, and then form a lumen34,48. Similarly, Cdc42-positive vesicles in 
the zebrafish ISV fuse and form larger intracellular vacuoles18. An extreme case of apical 
membrane extension occurs in the C. elegans excretory cell, in which canaliculi fuse with 
the plasma membrane in response to osmotic stress27. Members of the vesicular-trafficking 
or membrane-fusion pathways that mediate this event are yet to be identified.  

The tracheal terminal cell and the excretory cell face a particular challenge in two aspects 
of plasma membrane morphogenesis. First, both the outer plasma membrane and the 
tubular lumen grow simultaneously. This extensive membrane growth requires an 
enormous amount of membrane material as well as coordinated targeting of material to the 
two membrane domains. How the cell handles this problem is an area of active research. It 
has been shown that the exocyst complex is required for growth of both of the membranes, 
and the PAR polarity complex provides membrane localization cues for the exocyst49. 
Second, the growing tips of the developing branches to which the cell has to deliver 
membrane material may be located at large distances from the cell body. Rab35 has been 
implicated in the polarized transport of apical membrane vesicles to growing tips of the 
lumen in tracheal terminal cells. Excessive activation of Rab35 results in the accumulation 
of membrane material at the distal tip of the growing branch, whereas defective activation 
causes ectopic tubulation at the proximal end of the lumen50. A reasonable interpretation is 
that Rab35 directs the transport of membrane material towards the growing end of the tube.  

The cytoskeleton has a role in two major processes in the expansion phase: the correct 
targeting and delivery of vesicles to the plasma membrane, and the structuring of the 
plasma membrane into the correct shape.  

The importance of both the actin and microtubule cytoskeletons in the trafficking of 
vesicles is generally well established. A cortical actin meshwork at the luminal membrane 
has been described in MDCK cysts and in tracheal cells23,51,52 but is almost certainly 
present at all luminal membranes. In MDCK cells, actin cables are organized through 
localization of PtdIns(4,5)P2 and CDC42 activation53 downstream of the initial polariza-
tion signal. These actin cables may guide the delivery of RAB11A- and RAB8A-positive 
vesicles to the AMIS during lumen initiation54. Tracheal cells contain at least three distinct 
populations of F-actin (BOX 3) that have different roles in branching and lumen 
morphogenesis. In the growth cone, Enabled (Ena) and fascin (known as Singed in D. 
melanogaster) mediate the formation and dynamics of filopodia23,55,56. At the outer, basal 
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membrane of the cell, the link between F-actin and Integrins via Talin (also known as 
Rhea) is needed for is surrounded by a dense actin network. It is the interaction of the 
network with the luminal membrane via a complex comprising Moesin (Moe) and Bitesize 
that aids the incorporation of apical membrane material into the growing luminal tube29 
(BOX 3).  

The microtubule network has been well characterized in the tracheal terminal cells. Before 
a terminal cell elongates and any subcellular lumen is formed, α-tubulin labelling extends 
from the intercellular junction to the cell boundary. Tyrosinated α-tubulin labelling, which 
identifies newly formed microtubules, is specifically enriched in front of the growing 
lumen, a suggestive distribution for a potential guide structure23. Once the cell elongates 
and the lumen starts to form, α-tubulin labelling becomes enriched at the luminal 
membrane, reflecting the formation of a network of short microtubules anchored with their 
minus ends at the plasma membrane. The microtubules anchored at the membrane are 
probably used for the secretion of molecules into the lumen, whereas the microtubules 
running along the length of the branches are probably used for the Rab35-dependent 
transport of membrane material to the growing tip of the lumen. In tracheal fusion cells, 
the vesicle- and microtubule-associated small GTPase Arf-like 3 (Arl3) directs exocytic 
vesicles to the fusion site22. The microtubule system has also been implicated in vesicle 
trafficking to the lumen in MDCK cells via the kinesin motor protein KIF3A57.  

The other major, but less well understood, function of the cytoskeleton is in the structuring 
of the newly delivered apical membrane components into the correct shape. The addition 
of apical membrane material per se is not sufficient to create a lumen. Membrane growth 
has to be spatially organized and structured to create the shape of a lumen, as otherwise the 
new membrane would simply make folds or bulges. Morphogenesis of the rhabdomere in 
the photoreceptor of the D. melanogaster eye6 and the formation of microvilli in absorptive 
epithelia are examples of extensive and structured apical membrane elaboration that do not 
result in a luminal shape58. In the D. melanogaster tracheal fusion cells, actin and 
microtubule tracks are detectable before a lumen appears. The cytoskeletal tracks emanate 
from the contact point of the two fusion cells and extend through the cell. These might be 
required not only to facilitate vesicular trafficking and to act as guides directing lumen 
formation but also to structure and give physical support to the developing luminal 
membrane41.  

In addition, the cytoskeleton provides structural stability to the already-formed tubes. The 
actin network at the basal membrane of tracheal cells connects to the ECM via Integrins 
and associated factors such as Talin59. Tubes and branches in tracheal terminal cells 
lacking Integrin collapse60. In excretory cells lacking Integrins, the tubes are deformed and 
the cellular processes cannot extend in the normal manner61. Moreover, in the absence of 
βΗ-spectrin, the actin cytoskeleton in excretory cells seems to detach from the luminal 
membrane, presumably because of lack of crosslinking between actin and the plasma 
membrane, resulting in increased luminal diameter but decreased length61,62. This lack of 
cytoskeletal support might destabilize the membrane and explain the swelling of the 
lumen. A mutation in the gene exc-9, which encodes a homologue of the mammalian 
cysteine-rich intestinal protein (CRIP), also affects the cytoskeleton and results in similar 
structural defects as those caused by the lack of βΗ-spectrin63.  

In summary, much is known about the subcellular systems that are involved in the delivery 
of large amounts of membrane materials required to construct the luminal plasma 
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membrane — the components of the actin and microtubule cytoskeletons and their 
regulators, and the vesicular transport systems. However, it is still unclear how they are 
used to generate the correct shape of the membrane. The shape may in part be determined 
by the mechanisms that mediate the final maturation of the tube (described below), which 
enable the tube both to assume its final shape and to carry out its physiological functions.  

Maturation and stabilization of the lumen 

Maturation includes inflation of the lumen to create the appropriate diameter, stabilizing 
the tubular structure and imparting the properties the lumen needs to fulfil its physiological 
functions.  

Lumen inflation is mostly achieved through two mechanisms: deposition of anti-adhesive 
factors and creation of turgor. Anti-adhesive factors, such as the highly sialylated 
transmembrane protein podocalyxin in MDCK cells51, or polysaccharides such as chitin in 
tracheal cells64–66, force the luminal membranes apart owing to negative charges, thereby 
expanding the lumen and keeping it patent. Induction of turgor is Depending on the 
conditions, turgor can create a radial expansion of the lumen or, if the lumen is constrained 
radially, lead to anisotropic growth and the extension of a long tubule. One way to create 
turgor is to induce hydrostatic pressure by activating apical channels and pumps6. Ion 
channels, such as the cystic fibrosis transmembrane conductance regulator in MDCK cysts 
in vitro and the zebrafish gut in vivo67–69 or a (Na+ + K+) ATPase70, are used for lumen 
expansion. In the absence of these channels, the lumen that forms is greatly reduced in 
diameter. A (Na+ + K+)ATPase is also active in the D. melanogaster tracheal system, 
although here it has a regulatory role in the determination of lumen size71. In the C. elegans 
excretory cell, the water channel AQP-8 mediates transluminal flux, thereby affecting tube 
size26,27,72.  

The secretory machinery also has a role in expanding the initially narrow lumen in tracheal 
cells via a rapid burst of COPI- and COPII-dependent secretion of various molecules and 
fluids into the lumen73–75. The secreted cargoes include components of the intraluminal 
chitinous matrix as well as enzymes to modify the matrix, such as Vermiform and 
Serpentine. However, a simple pump-mediated creation of turgor cannot be the mechanism 
of action here, as cell autonomy of the process suggests that the factors that become 
limiting for lumen expansion are associated with the membrane75. Proteins and fluids are 
eventually removed from the tube by a mechanism that depends on Rab5-mediated 
endocytosis once the appropriate diameter is achieved, and afterwards the tube fills with 
air73. In parallel, chitin is deposited on the luminal surface of the membrane. It has been 
suggested that chitin in the lumen not only functions as an anti-adhesive but also 
contributes to sensing the size of the tube and provides structural support66. Although these 
observations were mostly made in the multicellular lumens of the tracheal system, such 
mechanisms are likely to operate during maturation of the de novo lumen as well. In 
mammalian endothelial cells, an undefined fibrous matrix in the lumen is thought to be 
important for tube morphogenesis5. Finally, turgor can be created through external forces 
as, for example, in the zebrafish vasculature, where the blood flow may contribute to 
lumen expansion16,17.  

Not surprisingly, it turns out that, at the last stage of lumen formation, the mechanisms that 
create the shape of the tube and prepare it for its function are more divergent than those 
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that are active in the earlier steps. Different tubes have different roles and are constructed 
in different environments, and this is reflected in the mechanisms at work.  

Conclusion and perspectives  
We have discussed how de novo construction of the luminal membrane in tubular organs 
involves many mechanisms and molecules that are known from other, more general 
processes of polarity determination, membrane trafficking and secretion. It may well be 
that the expansion of pre-existing, multicellular lumens also relies on many of the same 
mechanisms as de novo tube formation and that de novo lumen formation is only a 
functional specialization of lumen expansion.  

The question is whether there are any molecules at all that are specific for de novo lumen 
formation or for apical membrane expansion in tubular organs. Unbiased genetic screens 
can be used to identify such molecules. Several of these screens have been conducted61,76–

78, but only few genes with unexpected functions have been identified. Among those was 
the Microsomal triacylglycerol transfer protein (Mtp), for which the mechanism of action 
has not yet been determined79. The only components that seem to be specific to de novo 
lumen formation are linked with specialized physiological functions, including the use of 
chitin for size determination in tracheal cells.  

Although we now have a good understanding of how apical membrane material is 
delivered during the creation of tubes de novo, many open questions remain to be solved. 
Processes in cells that expand their tubular membrane very rapidly or that generate long 
tubular lumens, such as the tracheal terminal cells, the excretory cells or zebrafish brain 
endothelial cells, are the least well understood. A major open question now is how the 
newly formed membrane is given its specific tubular shape. Although several D. 
melanogaster mutants have been identified in which the tracheal lumens are malformed, 
we have yet to tease apart the mechanisms that deliver tube membrane materials to the 
correct place and those that assure the membrane is structured in the correct shape. The 
distribution of the actin and microtubule cytoskeletons is suggestive of roles in guidance, 
but the control of their assembly and how they in turn determine tube shape remain to be 
elucidated. Similarly, the balance of delivery of membrane material to the different 
domains in rapidly growing cells is not understood.  

The unifying principles of tube formation described in this Review suggest that the 
different experimental systems can be used in parallel with discoveries in any one system, 
enriching and informing research in other systems to eventually elucidate the remaining 
open questions.  
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Display items  
Box 1 | Polarity initiation 

Cell polarity is a fundamental organizational principle of epithelia. It is characterized by segregation of the 
plasma membrane into distinct apical and basolateral domains, which are separated by junctions (adherens 
junctions as well as tight junctions in vertebrates and septate junctions in invertebrates). Each membrane 
domain has a characteristic protein and phospholipid composition. Membrane polarity is closely linked to 
asymmetry in many cellular processes, such as cytoskeletal organization and distribution of subcellular 
components, and it is crucial for vectorial transport80,81. 

Mechanisms for establishing polarity vary between different cell types82. Extracellular cues from the 
extracellular matrix and neighbouring cells, which are transmitted through molecules such as integrins and 
cadherins, respectively, are important for the initiation step83. However, polarity can also be established in 
the absence of extrinsic cues80. The determination of cell polarity involves the localization of polarity protein 
complexes to specific membrane domains. These include the PAR and CRB complexes in the apical domain 
and the DLG complex in the basolateral domain84. The localization cues for these proteins include 
phospholipid asymmetries, intrinsic sorting signals, polarized traffic in the secretory system and 
asymmetrical cytoskeletal organization. The polarity complexes in turn reinforce the asymmetry of a wide 
range of cellular functions, partly through influencing the localization of their own components. 

Box 2 | The secretory system 

The secretory pathway delivers proteins and associated membrane components to most of the cellular 
membrane compartments and secreted proteins to the extracellular medium. The pathway consists of the 
endoplasmic reticulum (ER), ER–Golgi intermediate compartment, the Golgi apparatus and post-Golgi 
vesicular carriers85. Newly synthesized proteins undergo folding and some modifications within the ER and 
then exit the ER at the ER exit sites. Cargoes are then transported from the ER to the cis-Golgi by COPII-
coated vesicles. The COPII machinery consists of the small GTPase SAR1, its transmembrane guanine 
nucleotide exchange factor SEC12, and the SEC23/24 and SEC13/31 protein complexes86. Cargo receptors 
and ER resident proteins are brought back to the ER from the Golgi by COPI-mediated transport87.  COPI 
vesicles may also be involved in anterograde and retrograde transport within the Golgi stacks. As the proteins 
move through the Golgi, they undergo sorting and further modifications that are necessary for their biological 
functions. Proteins exit the Golgi to be transported to their final destinations on cargo carrier vesicles. 

Fusion of carriers and target membranes occurs at all steps of transport within the secretory system as well as 
at the delivery to the final destination membrane88.  RAB GTPases and tethering factors (for example, 
golgins and exocyst) regulate the correct targeting of the cargo carriers. Interactions between SNARE 
proteins on the vesicle and the target membranes bring the two membranes into proximity. The ATPase NSF 
and SNAPs (synaptosomal-associated proteins) then mediate fusion of the membranes. Exocyst, an octameric 
protein complex, tethers carriers to specific plasma membrane domains during polarized exocytosis89. 

In addition to the classical route, several alternative modes of secretion have been described44,90. These 
include unconventional secretion of cytoplasmic proteins that lack the signal peptide mediating ER entry, a 
delivery route for transmembrane proteins to the plasma membrane that bypasses the Golgi and direct 
transfer of material between the ER and plasma membrane at specialized contact sites. 

Box 3 | The actin cytoskeleton in the D. melanogaster tracheal terminal cell 

The actin cytoskeleton in the Drosophila melanogaster tracheal terminal cell is organized into three distinct 
populations. Cortical actin underlying the outer cell membrane is essential for the stability of the terminal cell 
branches. Integrin molecules bind to the extracellular matrix through their extracellular domains and bind to 
adaptor molecules such as Talin through their intracellular domains to organize the basal cortical actin (see 
the figure, part a). The luminal membrane is surrounded by a dense actin meshwork that is required for the 
delivery of apically targeted material and possibly also for structuring the tube. This population of actin is 
organized by the protein Bitesize, which facilitates the localization of activated ERM family member Moesin 
(Moe) at the apical membrane (see the figure, part b). A third distinct pool of actin supports filopodial 
dynamics at the outer membrane. The VASP (vasodilator-stimulated phosphoprotein) Enabled (Ena), which 
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acts downstream of Fibroblast growth factor signalling, mediates the remodelling of actin filaments and 
promotes the growth of filopodia. Ena might also function in guiding lumen growth. Fascin acts at the 
filopodial actin by bundling the polymerized filaments and augmenting their stiffness (see the figure, part c). 
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Figure 46: Four different mechanisms of de novo lumen formation. A lumen can develop by four 
different morphological mechanisms that share some major commonalities. a | In cord hollowing, the lumen 
forms at the surface between cells when vesicles fuse to the apical membrane. Vesicular delivery contributes 
to increasing the membrane surface area by delivering fluids and other materials that are required for lumen 
expansion. As the lumen expands, it may connect to other adjacent lumens to form a large continuous lumen. 
b | Cell hollowing is similar to cord hollowing in that apical vesicles contribute to the formation of the lumen. 
The major difference is that these vesicles are not immediately delivered to the plasma membrane of the cell; 
rather, they fuse within the cytoplasm, forming a large intracellular lumen that expands and only 
subsequently fuses to the plasma membrane of the cell. c | Plasma membrane invagination creates a lumen by 
adding membrane material to an already-existing apical membrane through vesicular delivery, thereby 
extending a lumen into the inside of the cell. d | In cavitation, the lumen forms when cells in the centre of a 
cell mass are eliminated by apoptosis and the cells in the periphery polarize and change shape accordingly. 
Parts a, b and d were published in Dev. Biol., 341, Andrew, D. J. & Ewald, A. J. Morphogenesis of epithelial 
tubes: insights into tube formation, elongation, and elaboration, 34–55, Copyright Elsevier (2010)91. 
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In this Review, we examine representative examples of 
de novo lumen formation from different model systems 
to identify the unifying principles of the process. First, we 
provide brief descriptions of the morphological charac-
teristics and the topology of lumen formation in five dis-
tinct model systems. Second, we suggest that the processes 
of de novo lumen formation in different systems share a 
common sequence of cell biological processes: tube initia-
tion, which involves polarization and definition of the 
position at which tube growth will begin; addition of new 
membrane material to this site; spatial organization of the 
added membrane; and maturation and termination.

Towards a unifying definition
Considerable progress has recently been made in under-
standing the mechanisms of de novo lumen formation 
through the use of sophisticated three-dimensiona l (3D) 
cell cultures and advanced in vivo imaging in suitabl e 
model systems. The cell biological and molecular mech-
anisms underlying de novo lumen formation that are 
shared across different model systems now justify a uni-
fying definition. Three of the four processes of de novo 
lumen formation — cell hollowing, cord hollow ing and 
plasma membrane invagination (FIG. 1a–c) — share many 
mechanistic similarities: the cells that end up forming 

Figure 1 | Four different mechanisms of FG|PQXQ lumen formation. #�NWOGP�ECP�FGXGNQR�D[�HQWT�FKHHGTGPV�
OQTRJQNQIKECN�OGEJCPKUOU�VJCV�UJCTG�UQOG�OCLQT�EQOOQPCNKVKGU��a|̂ |+P�EQTF�JQNNQYKPI��VJG�NWOGP�HQTOU�CV�VJG�EQPVCEV�
UWTHCEG�DGVYGGP�EGNNU�YJGP�XGUKENGU�HWUG�VQ�VJG�CRKECN�OGODTCPG��8GUKEWNCT�FGNKXGT[�EQPVTKDWVGU�VQ�KPETGCUKPI�VJG�
OGODTCPG�UWTHCEG�CTGC�D[�FGNKXGTKPI�HNWKFU�CPF�QVJGT�OCVGTKCNU�VJCV�CTG�TGSWKTGF�HQT�NWOGP�GZRCPUKQP��#U�VJG�NWOGP�
GZRCPFU��KV�OC[�EQPPGEV�VQ�QVJGT�CFLCEGPV�NWOGPU�VQ�HQTO�C�NCTIG�EQPVKPWQWU�NWOGP��b|̂ |%GNN�JQNNQYKPI�KU�UKOKNCT�VQ�EQTF�
JQNNQYKPI�KP�VJCV�CRKECN�XGUKENGU�EQPVTKDWVG�VQ�VJG�HQTOCVKQP�QH�VJG�NWOGP��6JG�OCLQT�FKHHGTGPEG�KU�VJCV�VJGUG�XGUKENGU�CTG�
PQV�KOOGFKCVGN[�FGNKXGTGF�VQ�VJG�RNCUOC�OGODTCPG�QH�VJG�EGNN��TCVJGT��VJG[�HWUG�YKVJKP�VJG�E[VQRNCUO��HQTOKPI�C�NCTIG�
KPVTCEGNNWNCT�NWOGP�VJCV�GZRCPFU�CPF�QPN[�UWDUGSWGPVN[�HWUGU�VQ�VJG�RNCUOC�OGODTCPG�QH�VJG�EGNN��c|̂ |2NCUOC�OGODTCPG�
KPXCIKPCVKQP�ETGCVGU�C�NWOGP�D[�CFFKPI�OGODTCPG�OCVGTKCN�VQ�CP�CNTGCF[�GZKUVKPI�CRKECN�OGODTCPG�VJTQWIJ�XGUKEWNCT�
FGNKXGT[��VJGTGD[�GZVGPFKPI�C�NWOGP�KPVQ�VJG�KPUKFG�QH�VJG�EGNN��d|̂ |+P�ECXKVCVKQP��VJG�NWOGP�HQTOU�YJGP�EGNNU�KP�VJG�EGPVTG�QH�
C�EGNN�OCUU�CTG�GNKOKPCVGF�D[�CRQRVQUKU�CPF�VJG�EGNNU�KP�VJG�RGTKRJGT[�RQNCTK\G�CPF�EJCPIG�UJCRG�CEEQTFKPIN[��2CTVU�a, b 
CPF|d were published in &GX��$KQN��������#PFTGY��&��,����'YCNF��#��,��/QTRJQIGPGUKU�QH�GRKVJGNKCN�VWDGU��KPUKIJVU�KPVQ�VWDG�
HQTOCVKQP��GNQPICVKQP��CPF�GNCDQTCVKQP����s����%QR[TKIJV�'NUGXKGT�
�����91.

REVIEWS

2 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/molcellbio

© 2014 Macmillan Publishers Limited. All rights reserved



 

107 



108 

Figure 47: De novo lumen formation in four experimental model systems. Aa | In endothelial cells, the 
lumen may be formed in a similar manner as it is in Madin– Darby canine kidney (MDCK) cysts when two 
cells are in contact and deliver apical membrane material to the contact surface (cord hollowing). Ab | 
Alternatively, each cell can first independently generate intracellular vacuoles, which may fuse to form an 
intracellular lumen, and the lumens of the two cells are only combined after they have made contact and 
established a junction (cell hollowing). B | Cyst formation in three-dimensional (3D) MDCK cell cultures. 
Cell polarity is established by setting up an apical membrane domain at the interface been two cells (cord 
hollowing). Apical membrane material is then delivered to this site, increasing the apical surface area. At the 
same time, turgor and secreted anti-adhesive molecules facilitate the formation of a lumen between the two 
cells. Maintenance of cell polarity is important for the continued and directed delivery of membrane material 
to this site as the cyst grows. Although the orientation of the plane of cell division is important for proper 
lumen formation92, cell proliferation as such is not essential for the expansion of a lumen93.  Ca | In zebrafish 
vasculature vessels, a lumen can be formed in the same manner as it is in tracheal fusion cells by creating a 
new space between anastomosing cells (cord hollowing). The lumen can extend by plasma membrane 
invagination if blood pressure is present to create a subcellular lumen that is later converted to a multicellular 
lumen via cell rearrangement. Cb | In the absence of blood pressure, the de novo lumen is extended and 
connected to the rest of the vascular system through cell rearrangement. D | Subcellular lumen formation in 
fusion cells of the Drosophila melanogaster tracheal system. A new apical plasma membrane domain is 
created as two fusion cells contact each other. A lumen is created between these cells (cord hollowing) while 
a lumen invaginates from the base of the cell, where it is connected to the next cell of the multicellular 
branch (plasma membrane invagination). The invaginating lumen and the lumen at the fusion site eventually 
fuse to complete the anastomosis of the two branches. E | Subcellular lumen formation in terminal cells of 
the tracheal system. The terminal cell is connected at its base via a circular adherens junction to a 
multicellular branch. The patch encircled by the adherens junction is the apical membrane domain of the cell 
to which vesicles with associated apical membrane material are added to create a long subcellular tube 
(plasma membrane invagination). F | Intracellular lumen formation in the Caenorhabditis elegans excretory 
cell. Intracellular vesicles are thought to form and coalesce, resulting in the formation of an intracellular 
lumen, which then fuses with the plasma membrane at the site where the cell is connected to the other cells of 
the excretory organ (cell hollowing). The lumen then grows and branches as the whole cell grows and 
branches. Panel A is reprinted from Int. Rev. Cell Mol. Biol., 288, Davis, G. E., Stratman, A. N., Sacharidou, 
A. & Koh, W., Molecular basis for endothelial lumen formation and tubulogenesis during vasculogenesis and 
angiogenic sprouting, 101–165, Copyright (2011), with permission from Elsevier94. Panel B is from REF. 36, 
Nature Publishing Group. Panel C was published in Curr. Biol., 21, Herwig L., Blum, Y., Krudewig, A., 
Ellertsdottir, E., Lenard, A., Belting, H. G. & Affolter, M., Distinct cellular mechanisms of blood vessel 
fusion in the zebrafish embryo, 1942–1948, Copyright Elsevier (2011)17. Panel F is reprinted from Trends 
Cell Biol., 12, Buechner, M., Tubes and the single C. elegans excretory cell, 479–484, Copyright (2002), 
with permission from Elsevier25. 
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Figure 48: The initiation step in de novo lumen formation. Signals from the extracellular matrix (ECM)–
cell interaction or cell–cell contact may induce cytoskeletal reorganization and cell polarization to initiate 
lumen formation. a | Integrin binds to the ECM through its extracellular domain. The intracellular domain of 
integrin can bind to F-actin through adaptors and also induce the activity of small GTPases such as RAC1 
and CDC42 that further have roles in regulating actin dynamics through the polarization of the microtubule 
cytoskeleton and induction of cell polarity31. b | Cell–cell contact can lead to the formation of adherens 
junctions. Extracellular domains of E-cadherin molecules on neighbouring cells dimerize and initiate 
downstream signalling events that trigger lumen formation. E-cadherin interacts with the actin cytoskeleton 
through its binding to β-catenin. β-catenin further interacts with α-catenin and recruits actin regulators such 
as formins and VASPs (vasodilator-stimulated phosphoproteins). In processes other than lumen formation, 
cadherin-initiated cell signalling can also act upstream of RAC and RHO. ROCK1, RHO-associated protein 
kinase 1. 
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become activated or asymmetrically distributed, and 
this results in intracellular signalling that then leads to 
cytoskeletal rearrangements, which in turn are necessary 
to direct the delivery of apical determinants to the lumen 
initiation site (FIG. 3).

Apical membrane growth. The next step is to deliver suffi-
cient membrane material to the apical plasma membrane 
in order to create and expand a new luminal space. This is 
the major step that distinguishes de novo lumen formation 
from other mechanisms of creating a lumen.

Although the secretory pathway is already involved in  
establishing the growth initiation site — for example, 
in supplying transmembrane proteins such as CRB or 
transferring podocalyxin to the AMIS — it is at this stage 
that vesicular transport of large amounts of membrane 
material is needed, and the vesicle transport machinery 
together with the cytoskeleton that guides the vesicles 
have correspondingly important roles (FIG. 4).

Cellular membranes are formed from phospho-
lipids produced in the smooth endoplasmic reticulum43. 
Material can be delivered from the endoplasmic reticulum 
to the plasma membrane along the secretory pathway via 
the Golgi and subsequent vesicular intermediates or by 

various other routes, including direct transfer of mate-
rial between the endoplasmic reticulum and plasma 
membrane at specialized contact sites44. Roles for com-
ponents of the secretory apparatus and vesicle-targeting 
and -sortin g molecules (BOX 2) have been identified in all 
of the systems that have been studied.

In MDCK cysts, synaptotagmin-like protein 2A 
(SLP2A), together with RAB27, targets vesicles to 
the AMIS, where SLP4A, RAB27–RAB3–RAB8 and 
syntaxi n 3 control vesicular fusion. Thus, SLP2A and 
SLP4A work together to ensure the formation of a 
singl e lumen in cysts by coordinating the spatiotem-
poral organization of vesicular transport45. Syntaxin 16, 
a t-SNARE involved in transport of cargo molecules 
from endosomes to the Golgi, is needed for the recy-
cling of E-cadherin at the plasma membrane. In the 
absence of syntaxin 16, E-cadherin is mislocalized 
and apica l membrane material is mispositioned in the 
cyst structure, generating multiple, separate lumens46. 
In D. melanogaster tracheal terminal cells, mutation of 
N-ethylmaleimide-sensitive factor 2 (Nsf2) — a pro-
tein needed for SNARE recycling — results in apical 
membrane expansion defects, whereas Germinal centre 
kinase III, a putative Golgi resident kinase, is required 

Figure 3 | The initiation step in FG|PQXQ lumen formation. 5KIPCNU�HTQO�VJG�GZVTCEGNNWNCT�OCVTKZ�
'%/�sEGNN�KPVGTCEVKQP�QT�
EGNNsEGNN�EQPVCEV�OC[�KPFWEG�E[VQUMGNGVCN�TGQTICPK\CVKQP�CPF�EGNN�RQNCTK\CVKQP�VQ�KPKVKCVG�NWOGP�HQTOCVKQP��a|̂ |+PVGITKP�DKPFU�
VQ�VJG�'%/�VJTQWIJ�KVU�GZVTCEGNNWNCT�FQOCKP��6JG�KPVTCEGNNWNCT�FQOCKP�QH�KPVGITKP�ECP�DKPF�VQ�(�CEVKP�VJTQWIJ�CFCRVQTU�CPF�
CNUQ�KPFWEG�VJG�CEVKXKV[�QH�UOCNN�)62CUGU�UWEJ�CU�4#%��CPF�%&%���VJCV�HWTVJGT�JCXG�TQNGU�KP�TGIWNCVKPI�CEVKP�F[PCOKEU�
VJTQWIJ�VJG�RQNCTK\CVKQP�QH�VJG�OKETQVWDWNG�E[VQUMGNGVQP�CPF�KPFWEVKQP�QH�EGNN�RQNCTKV[31. b|̂ |%GNNsEGNN�EQPVCEV�ECP�NGCF�VQ�
VJG�HQTOCVKQP�QH�CFJGTGPU�LWPEVKQPU��'ZVTCEGNNWNCT�FQOCKPU�QH�'�ECFJGTKP�OQNGEWNGU�QP�PGKIJDQWTKPI�EGNNU�FKOGTK\G�CPF�
KPKVKCVG�FQYPUVTGCO�UKIPCNNKPI�GXGPVU�VJCV�VTKIIGT�NWOGP�HQTOCVKQP��'�ECFJGTKP�KPVGTCEVU�YKVJ�VJG�CEVKP�E[VQUMGNGVQP�
through its binding to β�ECVGPKP��β�ECVGPKP�HWTVJGT�KPVGTCEVU�YKVJ�α�ECVGPKP�CPF�TGETWKVU�CEVKP�TGIWNCVQTU�UWEJ�CU�HQTOKPU�CPF�
8#52U�
XCUQFKNCVQT�UVKOWNCVGF�RJQURJQRTQVGKPU���+P�RTQEGUUGU�QVJGT�VJCP�NWOGP�HQTOCVKQP��ECFJGTKP�KPKVKCVGF�EGNN�UKIPCNNKPI�
ECP�CNUQ�CEV�WRUVTGCO�QH�4#%�CPF�4*1��41%-���4*1�CUUQEKCVGF�RTQVGKP�MKPCUG���
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Figure 49: Mechanisms of apical membrane growth. The secretory pathway is involved in mediating 
lumen growth by delivering proteins and membrane components to the apical plasma membrane proteins and 
membrane phospholipids are transported from the endoplasmic reticulum (ER) to the Golgi complex via the 
COPII-dependent anterograde transport route. From the Golgi complex, they travel to the apical membrane in 
vesicles. Motor proteins, motor adaptors and RAB GTPases assist in the transport of these vesicles along 
cytoskeletal tracks. SNARE and SLPs (synaptotagmin-like proteins) facilitate the fusion of vesicles to the 
correct destination membrane (in this case, the apical membrane). Pinocytosed plasma membrane might 
contribute to the growth of the subcellular lumen in endothelial cells. In Madin–Darby canine kidney 
(MDCK) cells, membrane material is transported from the basal membrane to the growing apical membrane 
by transcytosis.
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for regulating the traffic of material to the apical 
domain47. Many other molecules involved in mediatin g 
membrane transport during lumen expansion have 
recently been reviewed elsewhere37. The SLP  famil y 
members have been implicated in the regulation of 
membrane trafficking. In the tracheal terminal cells, the 
sole D. melanogaster representative of the SLP family, 
Bitesize, is needed for the delivery of apical membrane 
material to the luminal plasma membrane29.

In endothelial cell cultures, RAC1 and CDC42 are 
involved in targeting vesicles to intracellular vacuoles 
that are generated by pinocytosis33 and thereby enable 
the vacuoles to enlarge and coalesce, and then form 
a lumen34,48. Similarly, Cdc42-positive vesicles in the 
zebrafish ISV fuse and form larger intracellular vacu-
oles18. An extreme case of apical membrane extension 
occurs in the C. elegans excretory cell, in which cana-
liculi fuse with the plasma membrane in response to 
osmotic stress27. Members of the vesicular-trafficking 
or membrane-fusion pathways that mediate this event 
are yet to be identified.

The tracheal terminal cell and the excretory cell face 
a particular challenge in two aspects of plasma mem-
brane morphogenesis. First, both the outer plasma 
membrane and the tubular lumen grow simultaneously. 
This extensive membrane growth requires an enormous 
amount of membrane material as well as coordinated 
targeting of material to the two membrane domains. 
How the cell handles this problem is an area of active 
research. It has been shown that the exocyst complex 
is required for growth of both of the membranes, and 
the PAR polarity complex provides membrane localiza-
tion cues for the exocyst49. Second, the growing tips of 

the developing branches to which the cell has to deliver 
membrane material may be located at large distances 
from the cell body. Rab35 has been implicated in the 
polarized transport of apical membrane vesicles to grow-
ing tips of the lumen in tracheal terminal cells. Excessive 
activation of Rab35 results in the accumulation of mem-
brane material at the distal tip of the growing branch, 
whereas defective activation causes ectopic tubulation at 
the proximal end of the lumen50. A reasonable interpre-
tation is that Rab35 directs the transport of membrane 
material towards the growing end of the tube.

The cytoskeleton has a role in two major processes in 
the expansion phase: the correct targeting and delivery 
of vesicles to the plasma membrane, and the structuring 
of the plasma membrane into the correct shape.

The importance of both the actin and microtubule 
cytoskeletons in the trafficking of vesicles is generally 
well established. A cortical actin meshwork at the lumi-
nal membrane has been described in MDCK cysts and 
in tracheal cells23,51,52 but is almost certainly present at 
all luminal membranes. In MDCK cells, actin cables 
are organized through localization of PtdIns(4,5)P2 and 
CDC42 activation53 downstream of the initial polariza-
tion signal. These actin cables may guide the delivery 
of RAB11A- and RAB8A-positive vesicles to the AMIS 
during lumen initiation54. Tracheal cells contain at least 
three distinct populations of F-actin (BOX 3) that have 
different roles in branching and lumen morphogenesis. 
In the growth cone, Enabled (Ena) and fascin (known 
as Singed in D. melanogaster) mediate the formation 
and dynamics of filopodia23,55,56. At the outer, basal 
membrane of the cell, the link between F-actin and 
Integrins via Talin (also known as Rhea) is needed for 

Figure 4 | Mechanisms of apical membrane growth. 6JG�UGETGVQT[�RCVJYC[�KU�KPXQNXGF�KP�OGFKCVKPI�NWOGP�ITQYVJ�D[�
FGNKXGTKPI�RTQVGKPU�CPF�OGODTCPG�EQORQPGPVU�VQ�VJG�CRKECN�RNCUOC�OGODTCPG�FQOCKP��6TCPUOGODTCPG�CPF�UGETGVGF�
RTQVGKPU�CPF�OGODTCPG�RJQURJQNKRKFU�CTG�VTCPURQTVGF�HTQO�VJG�GPFQRNCUOKE�TGVKEWNWO�
'4��VQ�VJG�)QNIK�EQORNGZ�XKC�VJG�
%12++�FGRGPFGPV�CPVGTQITCFG�VTCPURQTV�TQWVG��(TQO�VJG�)QNIK�EQORNGZ��VJG[�VTCXGN�VQ�VJG�CRKECN�OGODTCPG�KP�XGUKENGU��
/QVQT�RTQVGKPU��OQVQT�CFCRVQTU�CPF�4#$�)62CUGU�CUUKUV�KP�VJG�VTCPURQTV�QH�VJGUG�XGUKENGU�CNQPI�E[VQUMGNGVCN�VTCEMU��
50#4'|CPF�5.2U�
U[PCRVQVCIOKP�NKMG�RTQVGKPU��HCEKNKVCVG�VJG�HWUKQP�QH�XGUKENGU�VQ�VJG�EQTTGEV�FGUVKPCVKQP�OGODTCPG�
KP�VJKU�
ECUG��VJG�CRKECN�OGODTCPG���2KPQE[VQUGF�RNCUOC�OGODTCPG�OKIJV�EQPVTKDWVG�VQ�VJG�ITQYVJ�QH�VJG�UWDEGNNWNCT�NWOGP�KP�
GPFQVJGNKCN�EGNNU��+P�/CFKPs&CTD[�ECPKPG�MKFPG[�
/&%-��EGNNU��OGODTCPG�OCVGTKCN�KU�VTCPURQTVGF�HTQO�VJG�DCUCN�
OGODTCPG�VQ�VJG�ITQYKPI�CRKECN�OGODTCPG�D[�VTCPUE[VQUKU�
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Appendix A    
sara <- read.csv2("Catalog_all.csv") 
 
geno <- as.numeric(factor(sara$Genotype,levels=unique(sara$Genotype))) 
rnai <- as.numeric(factor(sara$RNAi,levels=unique(sara$RNAi))) 
temp <- as.numeric(factor(sara$TM,levels=unique(sara$TM))) 
mja <- paste(rnai,geno,temp,sara$Larva) 
voff <- factor(mja,labels=1:137) 
sara$Ind <- voff 
 
sara$TM <- factor(sara$TM) 
sara$Segment <- factor(sara$Segment) 
sara$RNAi <- factor(sara$RNAi,levels=unique(sara$RNAi))#WT is the 
reference group 
sara$Genotype <- 
factor(sara$Genotype,levels=c("GFP","Dicer_PIP2","Dicer_GFP")) 
sara$GenoTM <- factor(paste(sara$TM,sara$Genotype),levels=c("18 
GFP","18 Dicer_PIP2","18 Dicer_GFP","29 GFP","29 Dicer_PIP2","29 
Dicer_GFP")) 
sara$RNAiGenoTM <- 
droplevels(factor(paste(sara$RNAi,sara$GenoTM),levels=paste(rep(levels(sar
a$RNAi),each=6),rep(levels(sara$GenoTM),5)))) 
 
sara$lNoJ <- sqrt(sara$NoJ) 
sara$lLoN <- log(sara$LoN*0.3459442) 
sara$lAoN <- log(sara$AoN*0.119677) 
sara$lAoCH <- sqrt(sara$AoCH*0.119677) 
 
#Check how correlated the variables are 
pairs(sara[,15:18])#log-scale 
pairs(sara[,8:11]) 
 
########################################### 
Difference between left and right 
########################################### 
#Samples with both L and R 
geyma <- c() 
for (i in 1:(dim(sara)[1]-1) ){ 
    side <- sara$Side[i]==sara$Side[i+1] 
    seg <- sara$Segment[i] ==sara$Segment[i+1] 
    ind <- sara$Ind[i]==sara$Ind[i+1] 

     
    if (!side & seg & ind){ 
        geyma <- c(geyma,i,i+1) 
    } 
} 
complete <- sara[geyma,] 
 
diff <- complete[seq(1,dim(complete)[1],2),] - 
complete[seq(2,dim(complete)[1],2),] 
diff[,c(1:7,12:14)] <- complete[seq(1,dim(complete)[1],2), c(1:7,12:14)] 
 
t.test(diff$lLoN) 
t.test(diff$lNoJ) 
t.test(diff$lAoN) 
t.test(diff$lAoCH) 
 
library(lattice) 
xyplot(lLoN~Segment|Ind,data=sara,groups=Side,auto.key=T,pch=c(1,3)) 
xyplot(lNoJ~Segment|Ind,data=sara,groups=Side) 
xyplot(lAoN~Segment|Ind,data=sara,groups=Side) 
xyplot(lAoCH~Segment|Ind,data=sara,groups=Side) 
 
xyplot(lLoN~Segment|Ind,data=complete,groups=Side,pch=c(1,3)) 
xyplot(lNoJ~Segment|Ind,data=complete,groups=Side) 
xyplot(lAoN~Segment|Ind,data=complete,groups=Side) 
xyplot(lAoCH~Segment|Ind,data=complete,groups=Side) 
 
################################################## 
Difference between segments 
################################################## 
#Start by scaling each measurement with each individual mean and sd. Use 
the log-transformed data. 
sara$sLoN <- unlist(tapply(sara$lLoN,sara$Ind,scale))  
sara$sNoJ <- unlist(tapply(sara$lNoJ,sara$Ind,scale)) 
sara$sAoN <- unlist(tapply(sara$lAoN,sara$Ind,scale)) 
sara$sAoCH <- unlist(tapply(sara$lAoCH,sara$Ind,scale)) 
 
bwplot(sLoN~Segment|RNAi,data=sara) 
bwplot(sNoJ~Segment|RNAi,data=sara) 
bwplot(sAoN~Segment|RNAi,data=sara) 
bwplot(sAoCH~Segment|RNAi,data=sara) 
plot(sLoN~Segment,data=sara) 
plot(sNoJ~Segment,data=sara) 
plot(sAoN~Segment,data=sara) 
plot(sAoCH~Segment,data=sara) 
 
anova(lm(sLoN~Segment,data=sara)) 
anova(lm(sNoJ~Segment,data=sara)) 
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anova(lm(sAoN~Segment,data=sara)) 
anova(lm(sAoCH~Segment,data=sara)) 
 
#################################################### 
Does TM, Genotype and/or RNAi matter? 
#################################################### 
xyplot(lLoN~Genotype|RNAi,data=sara,groups=TM,auto.key=T,pch=c(1,3)) 
xyplot(lLoN~RNAi|Genotype,data=sara,groups=TM,auto.key=T) 
xyplot(lNoJ~Genotype|RNAi,data=sara,groups=TM,auto.key=T) 
xyplot(lNoJ~RNAi|Genotype,data=sara,groups=TM,auto.key=T) 
xyplot(lAoN~Genotype|RNAi,data=sara,groups=TM,auto.key=T) 
xyplot(lAoN~RNAi|Genotype,data=sara,groups=TM,auto.key=T) 
xyplot(lAoCH~Genotype|RNAi,data=sara,groups=TM,auto.key=T) 
xyplot(lAoCH~RNAi|Genotype,data=sara,groups=TM,auto.key=T) 
 
library(nlme) 
library(lme4) 
library(multcomp) 
 
#################################################### 
#Show for lLoN 
#################################################### 
genes <- unique(sara$RNAi) 
genenames <- as.character(genes) 
genenames[2:5] <- c("Rab","crb","rhea","mys") 
 
bigmd <-lme(lLoN~RNAiGenoTM + Segment, 
random=~1|Ind,data=sara,method="ML") 
lessmd <- lme(lLoN~(RNAi+Genotype+TM)^2 + Segment, 
random=~1|Ind,data=sara,method="ML") 
noInd <- lm(lLoN~RNAiGenoTM + Segment,data=sara 
noSeg <-lme(lLoN~RNAiGenoTM, random=~1|Ind,data=sara,method="ML") 
anova(bigmd,lessmd) 
anova(bigmd,noInd 
anova(bigmd,noSeg) 
 
#Check the resids.  
plot(bigmd) 
qqnorm(resid(bigmd)) 
shapiro.test(resid(bigmd))#Test for normal distribution, p<.05 not normal 
 
#Lets check if which genes are different from WT at 18 for GFP and 
Dicer_GFP 
K <- diag(length(fixef(bigmd)))[seq(7,by=6,length.out=4),] 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,3] <- -1 
temp[cbind(1:4,seq(9,by=6,length.out=4))] <- 1 

rownames(temp) <- paste(genenames[2:5],"D")#Dicer_GFP 
K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC) 
plot(mork,main="Difference at 18deg",xlab="LoN diff from WT log-scale") 
     
#Do the same at 29 deg 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,4] <- -1 
temp[cbind(1:4,seq(10,by=6,length.out=4))] <- 1 
K <- temp 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=3)#3 not 4 Mys lethal 
temp[,6] <- -1 
temp[cbind(1:3,seq(12,by=6,length.out=3))] <- 1 
rownames(temp) <- paste(genenames[2:4],"D")#Dicer_GFP 
K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC) 
plot(mork,main="Difference at 29deg",xlab="LoN diff from WT log-scale") 
 
par(ask=T) 
 
for (rnai in genes[1:4]){ 
    fm1 <- 
lme(lLoN~Genotype*TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm1)) 
    K <- rbind("GFP 18"    =c(1,0,0,0,1,0,0,0,0), 
               "GFP 29"    =c(1,0,0,1,1,0,0,0,0), 
               "PIP2 18"=c(1,1,0,0,1,0,0,0,0), 
               "PIP2 29"=c(1,1,0,1,1,0,0,1,0), 
               "Dic 18" =c(1,0,1,0,1,0,0,0,0), 
               "Dic 29" =c(1,0,1,1,1,0,0,0,1)) 
    postHOC <- glht(fm1,K) 
    mork <- confint(postHOC) 
    plot(mork,main=paste(rnai,"Segment 3")) 
    fm2 <- 
lme(lLoN~Genotype+TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm2)) 
    print(anova(fm1,fm2)) 
} 
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rnai <- genes[5] 
fm1 <- 
lme(lLoN~GenoTM+Segment,random=~1|Ind,data=sara,method="ML",subset
=RNAi==rnai) 
print(rnai) 
print(anova(fm1)) 
K <- rbind("GFP 18" =c(1,0,0,0,0,1,0,0), 
           "GFP 29" =c(1,0,0,1,0,1,0,0), 
           "PIP2 18"=c(1,1,0,0,0,1,0,0), 
           "PIP2 29"=c(1,0,0,0,1,1,0,0), 
           "Dic 18" =c(1,0,1,0,0,1,0,0)) 
postHOC <- glht(fm1,K) 
mork <- confint(postHOC) 
plot(mork,main=paste(rnai,"Segment 3")) 
 
###################################################### 
# AoN 
###################################################### 
bigmd <-lme(lAoN~RNAiGenoTM + Segment, 
random=~1|Ind,data=sara,method="ML") 
lessmd <- lme(lAoN~(RNAi+Genotype+TM)^2 + Segment, 
random=~1|Ind,data=sara,method="ML") 
noInd <- lm(lAoN~RNAiGenoTM + Segment,data=sara) 
noSeg <-lme(lAoN~RNAiGenoTM, random=~1|Ind,data=sara,method="ML") 
anova(bigmd,lessmd) 
anova(bigmd,noInd) 
anova(bigmd,noSeg) 
 
#Check the resids.  
plot(bigmd) 
qqnorm(resid(bigmd)) 
shapiro.test(resid(bigmd))#Test for normal distribution, p<.05 not normal 
 
#Lets check if which genes are different from WT at 18 for GFP and 
Dicer_GFP 
K <- diag(length(fixef(bigmd)))[seq(7,by=6,length.out=4),] 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,3] <- -1 
temp[cbind(1:4,seq(9,by=6,length.out=4))] <- 1 
rownames(temp) <- paste(genenames[2:5],"D")#Dicer_GFP 
K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC) 
plot(mork,main="Difference at 18deg",xlab="AoN diff from WT log-scale") 
     
#Do the same at 29 deg 

temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,4] <- -1 
temp[cbind(1:4,seq(10,by=6,length.out=4))] <- 1 
K <- temp 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=3)#3 not 4 Mys lethal 
temp[,6] <- -1 
temp[cbind(1:3,seq(12,by=6,length.out=3))] <- 1 
rownames(temp) <- paste(genenames[2:4],"D")#Dicer_GFP 
K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC) 
plot(mork,main="Difference at 29deg",xlab="AoN diff from WT log-scale") 
 
par(ask=T) 
 
for (rnai in genes[1:4]){ 
    fm1 <- 
lme(lAoN~Genotype*TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm1)) 
    K <- rbind("GFP 18"    =c(1,0,0,0,1,0,0,0,0), 
               "GFP 29"    =c(1,0,0,1,1,0,0,0,0), 
               "PIP2 18"=c(1,1,0,0,1,0,0,0,0), 
               "PIP2 29"=c(1,1,0,1,1,0,0,1,0), 
               "Dic 18" =c(1,0,1,0,1,0,0,0,0), 
               "Dic 29" =c(1,0,1,1,1,0,0,0,1)) 
    postHOC <- glht(fm1,K) 
    mork <- confint(postHOC) 
    plot(mork,main=paste(rnai,"Segment 3")) 
    fm2 <- 
lme(lAoN~Genotype+TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm2)) 
} 
 
rnai <- genes[5] 
fm1 <- 
lme(lAoN~GenoTM+Segment,random=~1|Ind,data=sara,method="ML",subset
=RNAi==rnai) 
print(rnai) 
print(anova(fm1)) 
K <- rbind("GFP 18" =c(1,0,0,0,0,1,0,0), 
           "GFP 29" =c(1,0,0,1,0,1,0,0), 
           "PIP2 18"=c(1,1,0,0,0,1,0,0), 
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           "PIP2 29"=c(1,0,0,0,1,1,0,0), 
           "Dic 18" =c(1,0,1,0,0,1,0,0)) 
postHOC <- glht(fm1,K) 
mork <- confint(postHOC) 
plot(mork,main=paste(rnai,"Segment 3")) 
 
###################################################### 
# NoJ 
###################################################### 
bigmd <-lme(lNoJ~RNAiGenoTM + Segment, 
random=~1|Ind,data=sara,method="ML") 
lessmd <- lme(lNoJ~(RNAi+Genotype+TM)^2 + Segment, 
random=~1|Ind,data=sara,method="ML") 
noInd <- lm(lNoJ~RNAiGenoTM + Segment,data=sara) 
noSeg <-lme(lNoJ~RNAiGenoTM, random=~1|Ind,data=sara,method="ML") 
anova(bigmd,lessmd) 
anova(bigmd,noInd)  
anova(bigmd,noSeg)  
 
#Check the resids.  
plot(bigmd) 
qqnorm(resid(bigmd)) 
shapiro.test(resid(bigmd))#Test for normal distribution, p<.05 not normal 
 
#Lets check if which genes are different from WT at 18 for GFP and 
Dicer_GFP 
K <- diag(length(fixef(bigmd)))[seq(7,by=6,length.out=4),] 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,3] <- -1 
temp[cbind(1:4,seq(9,by=6,length.out=4))] <- 1 
rownames(temp) <- paste(genenames[2:5],"D")#Dicer_GFP 
K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC) 
plot(mork,main="Difference at 18deg",xlab="NoJ diff from WT log-scale") 
     
#Do the same at 29 deg 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=4) 
temp[,4] <- -1 
temp[cbind(1:4,seq(10,by=6,length.out=4))] <- 1 
K <- temp 
rownames(K) <- paste(genenames[2:5],"G")#GFP 
temp <- matrix(0,ncol=length(fixef(bigmd)),nrow=3) 
temp[,6] <- -1 
temp[cbind(1:3,seq(12,by=6,length.out=3))] <- 1 
rownames(temp) <- paste(genenames[2:4],"D")#Dicer_GFP 

K <- rbind(K,temp) 
postHOC <- glht(bigmd,K) 
mork <- confint(postHOC) 
summary(postHOC)  
plot(mork,main="Difference at 29deg",xlab="NoJ diff from WT log-scale") 
 
par(ask=T) 
 
for (rnai in genes[1:4]){ 
    fm1 <- 
lme(lNoJ~Genotype*TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm1)) 
    K <- rbind("GFP 18"    =c(1,0,0,0,1,0,0,0,0), 
               "GFP 29"    =c(1,0,0,1,1,0,0,0,0), 
               "PIP2 18"=c(1,1,0,0,1,0,0,0,0), 
               "PIP2 29"=c(1,1,0,1,1,0,0,1,0), 
               "Dic 18" =c(1,0,1,0,1,0,0,0,0), 
               "Dic 29" =c(1,0,1,1,1,0,0,0,1)) 
    postHOC <- glht(fm1,K) 
    mork <- confint(postHOC) 
    plot(mork,main=paste(rnai,"Segment 3")) 
    fm2 <- 
lme(lNoJ~Genotype+TM+Segment,random=~1|Ind,data=sara,method="ML",s
ubset=RNAi==rnai) 
    print(rnai) 
    print(anova(fm2)) 
} 
 
rnai <- genes[5] 
fm1 <- 
lme(lNoJ~GenoTM+Segment,random=~1|Ind,data=sara,method="ML",subset
=RNAi==rnai) 
print(rnai) 
print(anova(fm1)) 
K <- rbind("GFP 18" =c(1,0,0,0,0,1,0,0), 
           "GFP 29" =c(1,0,0,1,0,1,0,0), 
           "PIP2 18"=c(1,1,0,0,0,1,0,0), 
           "PIP2 29"=c(1,0,0,0,1,1,0,0), 
           "Dic 18" =c(1,0,1,0,0,1,0,0)) 
postHOC <- glht(fm1,K) 
mork <- confint(postHOC) 
plot(mork,main=paste(rnai,"Segment 3")) 
!
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Appendix B 

	  
RNAi	   TM	   Genotype	   Side	   Seg.	   Larva	   NoJ	   LoN	   AoN	  

1	   WT	   29	   Dicer_GFP	   L	   2	   1	   47	   15793	   82959	  

2	   WT	   29	   Dicer_GFP	   L	   3	   1	   49	   18541	   91341	  

3	   WT	   29	   Dicer_GFP	   L	   4	   1	   38	   21361	   108436	  

4	   WT	   29	   Dicer_GFP	   R	   2	   2	   42	   14602	   68573	  

5	   WT	   29	   Dicer_GFP	   R	   2	   3	   51	   13378	   79040	  

6	   WT	   29	   Dicer_GFP	   R	   4	   3	   35	   9206	   49473	  

7	   WT	   29	   Dicer_GFP	   R	   5	   3	   63	   25597	   120558	  

8	   WT	   29	   Dicer_GFP	   L	   3	   4	   41	   13124	   68924	  

9	   WT	   29	   Dicer_GFP	   L	   5	   4	   31	   14663	   72697	  

10	   WT	   29	   Dicer_GFP	   L	   2	   5	   47	   16211	   94236	  

11	   WT	   29	   Dicer_GFP	   L	   3	   5	   56	   17378	   97656	  

12	   WT	   29	   Dicer_GFP	   L	   4	   5	   65	   22050	   114713	  

13	   WT	   29	   Dicer_GFP	   L	   5	   5	   35	   9206	   49473	  

14	   WT	   29	   Dicer_GFP	   L	   2	   6	   23	   6346	   36827	  

15	   WT	   29	   Dicer_GFP	   L	   3	   6	   33	   5971	   32485	  

16	   WT	   29	   Dicer_GFP	   L	   4	   6	   48	   12563	   79424	  

17	   WT	   29	   Dicer_GFP	   L	   5	   6	   43	   14130	   92190	  

18	   WT	   18	   Dicer_GFP	   L	   2	   1	   49	   17035	   75509	  

19	   WT	   18	   Dicer_GFP	   L	   3	   1	   45	   15012	   70672	  

20	   WT	   18	   Dicer_GFP	   L	   4	   1	   34	   14013	   70877	  

21	   WT	   18	   Dicer_GFP	   L	   5	   1	   37	   14013	   70877	  

22	   WT	   18	   Dicer_GFP	   L	   2	   2	   31	   10485	   52471	  

23	   WT	   18	   Dicer_GFP	   R	   2	   2	   38	   12522	   55318	  

24	   WT	   18	   Dicer_GFP	   R	   3	   2	   46	   16782	   74518	  

25	   WT	   18	   Dicer_GFP	   R	   2	   3	   27	   9224	   35827	  

26	   WT	   18	   Dicer_GFP	   R	   3	   3	   32	   12008	   50200	  

27	   WT	   18	   Dicer_GFP	   R	   4	   3	   28	   9106	   37995	  

28	   WT	   18	   Dicer_GFP	   R	   5	   3	   32	   11129	   44584	  

29	   WT	   18	   Dicer_GFP	   L	   2	   4	   39	   14397	   65020	  

30	   WT	   18	   Dicer_GFP	   L	   3	   4	   35	   13447	   62798	  

31	   WT	   18	   Dicer_GFP	   L	   4	   4	   55	   17707	   75159	  

32	   WT	   18	   Dicer_GFP	   L	   5	   4	   25	   9016	   46118	  

33	   WT	   18	   Dicer_GFP	   R	   2	   5	   29	   9552	   46266	  

34	   WT	   18	   Dicer_GFP	   R	   3	   5	   42	   15949	   81366	  

35	   WT	   29	   GFP	   R	   2	   1	   26	   11883	   55745	  

36	   WT	   29	   GFP	   R	   3	   1	   39	   11493	   56273	  

37	   WT	   29	   GFP	   R	   4	   1	   55	   19058	   85059	  

38	   WT	   29	   GFP	   R	   5	   1	   47	   14828	   74679	  

39	   WT	   29	   GFP	   L	   2	   2	   36	   11669	   52672	  

40	   WT	   29	   GFP	   L	   3	   2	   35	   14846	   62412	  

41	   WT	   29	   GFP	   L	   4	   2	   47	   21242	   87998	  

42	   WT	   29	   GFP	   L	   5	   2	   50	   21097	   105505	  

43	   WT	   29	   GFP	   L	   2	   3	   31	   12309	   53978	  

44	   WT	   29	   GFP	   L	   3	   3	   37	   12842	   53906	  

45	   WT	   29	   GFP	   L	   4	   3	   37	   13482	   67039	  

46	   WT	   29	   GFP	   L	   5	   3	   42	   14809	   62805	  

47	   WT	   29	   GFP	   R	   2	   4	   36	   13867	   61114	  

48	   WT	   29	   GFP	   R	   3	   4	   34	   10971	   45172	  

49	   WT	   29	   GFP	   R	   4	   4	   31	   13670	   57905	  

50	   WT	   29	   GFP	   R	   5	   4	   52	   17359	   77408	  
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51	   WT	   29	   GFP	   L	   2	   5	   22	   8030	   34005	  

52	   WT	   29	   GFP	   L	   3	   5	   32	   11174	   42214	  

53	   WT	   29	   GFP	   L	   5	   5	   34	   13134	   56166	  

54	   WT	   18	   GFP	   L	   2	   1	   31	   11082	   59882	  

55	   WT	   18	   GFP	   L	   3	   1	   56	   20895	   104315	  

56	   WT	   18	   GFP	   L	   4	   1	   52	   15792	   83801	  

57	   WT	   18	   GFP	   L	   5	   1	   56	   25814	   136020	  

58	   WT	   18	   GFP	   R	   2	   2	   42	   11794	   56305	  

59	   WT	   18	   GFP	   R	   3	   2	   37	   11223	   63550	  

60	   WT	   18	   GFP	   R	   4	   2	   38	   12326	   64136	  

61	   WT	   18	   GFP	   R	   3	   3	   22	   8007	   33143	  

62	   WT	   18	   GFP	   L	   4	   3	   29	   11269	   51191	  

63	   WT	   18	   GFP	   R	   4	   3	   31	   15478	   69464	  

64	   WT	   18	   GFP	   L	   5	   3	   33	   13560	   68110	  

65	   WT	   18	   GFP	   R	   5	   3	   32	   12191	   53038	  

66	   WT	   18	   GFP	   L	   2	   4	   27	   8163	   37060	  

67	   WT	   18	   GFP	   R	   2	   4	   37	   11609	   48970	  

68	   WT	   18	   GFP	   R	   3	   4	   24	   8165	   37120	  

69	   WT	   18	   GFP	   L	   4	   4	   28	   14409	   58929	  

70	   WT	   18	   GFP	   L	   5	   4	   19	   9468	   37973	  

71	   WT	   29	   Dicer_PIP2	   R	   2	   1	   31	   8681	   36903	  

72	   WT	   29	   Dicer_PIP2	   R	   3	   1	   38	   11317	   48277	  

73	   WT	   29	   Dicer_PIP2	   R	   4	   1	   52	   14588	   63621	  

74	   WT	   29	   Dicer_PIP2	   R	   5	   1	   45	   13934	   65727	  

75	   WT	   29	   Dicer_PIP2	   R	   2	   2	   21	   6961	   32011	  

76	   WT	   29	   Dicer_PIP2	   R	   3	   2	   26	   8441	   37652	  

77	   WT	   29	   Dicer_PIP2	   R	   4	   2	   35	   10597	   44474	  

78	   WT	   29	   Dicer_PIP2	   R	   5	   2	   30	   8681	   36903	  

79	   WT	   29	   Dicer_PIP2	   L	   2	   3	   33	   9202	   39751	  

80	   WT	   29	   Dicer_PIP2	   R	   2	   3	   34	   10197	   40734	  

81	   WT	   29	   Dicer_PIP2	   L	   3	   3	   33	   9436	   36937	  

82	   WT	   29	   Dicer_PIP2	   R	   3	   3	   34	   9206	   38000	  

83	   WT	   29	   Dicer_PIP2	   L	   4	   3	   27	   8569	   36503	  

84	   WT	   29	   Dicer_PIP2	   R	   4	   3	   30	   9222	   41461	  

85	   WT	   29	   Dicer_PIP2	   L	   5	   3	   48	   13705	   61024	  

86	   WT	   29	   Dicer_PIP2	   R	   5	   3	   54	   13966	   64790	  

87	   WT	   18	   Dicer_PIP2	   R	   2	   1	   18	   6675	   29276	  

88	   WT	   18	   Dicer_PIP2	   R	   3	   1	   21	   10713	   49761	  

89	   WT	   18	   Dicer_PIP2	   R	   4	   1	   18	   7184	   31666	  

90	   WT	   18	   Dicer_PIP2	   R	   5	   1	   23	   8832	   37738	  

91	   WT	   18	   Dicer_PIP2	   R	   2	   2	   17	   6734	   30228	  

92	   WT	   18	   Dicer_PIP2	   R	   3	   2	   19	   8616	   37986	  

93	   WT	   18	   Dicer_PIP2	   L	   2	   3	   28	   10887	   44884	  

94	   WT	   18	   Dicer_PIP2	   L	   3	   3	   18	   8469	   38995	  

95	   WT	   18	   Dicer_PIP2	   L	   4	   3	   21	   7348	   34688	  

96	   WT	   18	   Dicer_PIP2	   L	   5	   3	   36	   13197	   59604	  

97	   WT	   18	   Dicer_PIP2	   R	   2	   4	   28	   9892	   43169	  

98	   WT	   18	   Dicer_PIP2	   R	   5	   4	   29	   11279	   49447	  

99	   WT	   18	   Dicer_PIP2	   L	   2	   5	   15	   5869	   28499	  

100	   WT	   18	   Dicer_PIP2	   L	   3	   5	   25	   9774	   45272	  

101	   WT	   18	   Dicer_PIP2	   L	   4	   5	   47	   17786	   100149	  

102	   WT	   18	   Dicer_PIP2	   L	   5	   5	   31	   11423	   70187	  

103	   WT	   18	   Dicer_PIP2	   L	   3	   6	   27	   10499	   51728	  

104	   Rab8-‐IR	   29	   Dicer_GFP	   L	   4	   1	   8	   4011	   22167	  

105	   Rab8-‐IR	   29	   Dicer_GFP	   L	   5	   1	   15	   5488	   27630	  

106	   Rab8-‐IR	   29	   Dicer_GFP	   L	   2	   2	   8	   2878	   18304	  
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107	   Rab8-‐IR	   29	   Dicer_GFP	   L	   3	   2	   16	   3790	   19629	  

108	   Rab8-‐IR	   29	   Dicer_GFP	   R	   3	   2	   10	   2296	   13277	  

109	   Rab8-‐IR	   29	   Dicer_GFP	   L	   2	   3	   8	   2786	   19155	  

110	   Rab8-‐IR	   29	   Dicer_GFP	   L	   3	   3	   9	   2373	   15229	  

111	   Rab8-‐IR	   29	   Dicer_GFP	   L	   4	   3	   18	   4307	   25963	  

112	   Rab8-‐IR	   29	   Dicer_GFP	   L	   5	   3	   15	   4360	   29334	  

113	   Rab8-‐IR	   29	   Dicer_GFP	   L	   2	   4	   9	   2808	   16890	  

114	   Rab8-‐IR	   29	   Dicer_GFP	   L	   3	   4	   8	   2463	   15048	  

115	   Rab8-‐IR	   29	   Dicer_GFP	   L	   4	   4	   16	   3515	   21649	  

116	   Rab8-‐IR	   29	   Dicer_GFP	   L	   5	   4	   15	   6943	   36580	  

117	   Rab8-‐IR	   29	   Dicer_GFP	   L	   2	   5	   9	   2825	   19436	  

118	   Rab8-‐IR	   29	   Dicer_GFP	   R	   2	   5	   6	   2130	   13495	  

119	   Rab8-‐IR	   29	   Dicer_GFP	   L	   3	   5	   10	   2392	   16537	  

120	   Rab8-‐IR	   29	   Dicer_GFP	   R	   3	   5	   10	   2750	   18278	  

121	   Rab8-‐IR	   29	   Dicer_GFP	   L	   4	   5	   11	   2827	   18074	  

122	   Rab8-‐IR	   29	   Dicer_GFP	   R	   4	   5	   3	   1654	   10833	  

123	   Rab8-‐IR	   29	   Dicer_GFP	   L	   5	   5	   13	   4310	   27660	  

124	   Rab8-‐IR	   29	   Dicer_GFP	   R	   5	   5	   17	   3541	   21478	  

125	   Rab8-‐IR	   29	   Dicer_GFP	   R	   2	   6	   8	   1966	   11644	  

126	   Rab8-‐IR	   29	   Dicer_GFP	   R	   3	   6	   7	   2330	   12369	  

127	   Rab8-‐IR	   29	   Dicer_GFP	   R	   2	   7	   7	   2295	   14782	  

128	   Rab8-‐IR	   29	   Dicer_GFP	   R	   3	   7	   15	   3406	   20666	  

129	   Rab8-‐IR	   29	   Dicer_GFP	   R	   4	   7	   17	   4129	   23602	  

130	   Rab8-‐IR	   29	   Dicer_GFP	   R	   5	   7	   11	   3774	   20157	  

131	   Rab8-‐IR	   18	   Dicer_GFP	   R	   2	   1	   19	   5488	   29317	  

132	   Rab8-‐IR	   18	   Dicer_GFP	   R	   3	   1	   14	   5646	   31229	  

133	   Rab8-‐IR	   18	   Dicer_GFP	   R	   4	   1	   31	   8767	   42267	  

134	   Rab8-‐IR	   18	   Dicer_GFP	   R	   5	   1	   25	   8550	   41239	  

135	   Rab8-‐IR	   18	   Dicer_GFP	   L	   2	   2	   16	   4320	   23787	  

136	   Rab8-‐IR	   18	   Dicer_GFP	   L	   3	   2	   17	   6732	   31702	  

137	   Rab8-‐IR	   18	   Dicer_GFP	   L	   4	   2	   16	   6148	   32028	  

138	   Rab8-‐IR	   18	   Dicer_GFP	   L	   5	   2	   23	   6900	   27439	  

139	   Rab8-‐IR	   18	   Dicer_GFP	   L	   2	   3	   15	   4670	   23629	  

140	   Rab8-‐IR	   18	   Dicer_GFP	   L	   3	   3	   18	   8441	   43670	  

141	   Rab8-‐IR	   18	   Dicer_GFP	   L	   2	   4	   33	   10338	   61569	  

142	   Rab8-‐IR	   18	   Dicer_GFP	   L	   3	   4	   33	   9107	   44105	  

143	   Rab8-‐IR	   18	   Dicer_GFP	   L	   4	   4	   35	   11198	   58477	  

144	   Rab8-‐IR	   18	   Dicer_GFP	   L	   5	   4	   35	   11198	   58477	  

145	   Rab8-‐IR	   29	   GFP	   R	   2	   1	   21	   8394	   39300	  

146	   Rab8-‐IR	   29	   GFP	   R	   3	   1	   13	   4589	   24280	  

147	   Rab8-‐IR	   29	   GFP	   R	   4	   1	   25	   8400	   41322	  

148	   Rab8-‐IR	   29	   GFP	   R	   5	   1	   25	   9542	   48261	  

149	   Rab8-‐IR	   29	   GFP	   R	   2	   2	   20	   8572	   40386	  

150	   Rab8-‐IR	   29	   GFP	   R	   3	   2	   17	   7000	   31302	  

151	   Rab8-‐IR	   29	   GFP	   R	   4	   2	   25	   10362	   43376	  

152	   Rab8-‐IR	   29	   GFP	   L	   2	   3	   14	   3864	   15503	  

153	   Rab8-‐IR	   29	   GFP	   L	   3	   3	   19	   5847	   24148	  

154	   Rab8-‐IR	   29	   GFP	   L	   4	   3	   19	   6597	   28982	  

155	   Rab8-‐IR	   29	   GFP	   L	   5	   3	   24	   10149	   42028	  

156	   Rab8-‐IR	   29	   GFP	   L	   2	   4	   19	   7575	   34816	  

157	   Rab8-‐IR	   29	   GFP	   L	   2	   5	   15	   6593	   26891	  

158	   Rab8-‐IR	   29	   GFP	   L	   3	   5	   15	   5565	   26903	  

159	   Rab8-‐IR	   29	   GFP	   L	   4	   5	   19	   7829	   45980	  

160	   Rab8-‐IR	   29	   GFP	   R	   5	   5	   16	   6242	   32768	  

161	   Rab8-‐IR	   18	   GFP	   R	   2	   1	   24	   8357	   37995	  

162	   Rab8-‐IR	   18	   GFP	   R	   3	   1	   14	   5282	   26677	  
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163	   Rab8-‐IR	   18	   GFP	   R	   2	   2	   11	   3142	   15927	  

164	   Rab8-‐IR	   18	   GFP	   R	   3	   3	   18	   6369	   29860	  

165	   Rab8-‐IR	   18	   GFP	   R	   4	   3	   18	   6809	   30687	  

166	   Rab8-‐IR	   18	   GFP	   R	   5	   3	   17	   6017	   29228	  

167	   Rab8-‐IR	   18	   GFP	   R	   2	   4	   17	   4934	   20628	  

168	   Rab8-‐IR	   18	   GFP	   R	   3	   4	   23	   8398	   37843	  

169	   Rab8-‐IR	   18	   GFP	   R	   4	   4	   21	   8689	   41822	  

170	   Rab8-‐IR	   18	   GFP	   R	   4	   5	   14	   6161	   23875	  

171	   Rab8-‐IR	   18	   GFP	   L	   5	   5	   21	   8764	   38218	  

172	   Rab8-‐IR	   18	   GFP	   R	   3	   6	   29	   9636	   39863	  

173	   Rab8-‐IR	   18	   GFP	   R	   3	   6	   16	   7524	   32876	  

174	   Rab8-‐IR	   18	   GFP	   R	   4	   6	   27	   9883	   40529	  

175	   Rab8-‐IR	   18	   GFP	   R	   5	   6	   20	   9165	   41218	  

176	   Rab8-‐IR	   18	   GFP	   L	   3	   7	   15	   6211	   28114	  

177	   Rab8-‐IR	   18	   GFP	   L	   4	   7	   26	   7317	   34603	  

178	   Rab8-‐IR	   18	   GFP	   L	   5	   7	   25	   8585	   37509	  

179	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   2	   1	   12	   3718	   20833	  

180	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   3	   1	   16	   5458	   31582	  

181	   Rab8-‐IR	   29	   Dicer_PIP2	   L	   4	   1	   26	   7609	   43946	  

182	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   4	   1	   15	   6296	   33081	  

183	   Rab8-‐IR	   29	   Dicer_PIP2	   L	   5	   1	   20	   6683	   36518	  

184	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   5	   1	   20	   6814	   37125	  

185	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   2	   2	   18	   4205	   20090	  

186	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   3	   2	   22	   6231	   27122	  

187	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   4	   2	   24	   7027	   31642	  

188	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   5	   2	   18	   5921	   30868	  

189	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   2	   3	   10	   3264	   15832	  

190	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   3	   3	   19	   5814	   26462	  

191	   Rab8-‐IR	   29	   Dicer_PIP2	   R	   4	   3	   20	   7071	   32509	  

192	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   2	   1	   10	   2741	   12714	  

193	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   3	   1	   11	   3409	   15406	  

194	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   4	   1	   9	   2924	   14706	  

195	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   5	   1	   9	   3705	   18854	  

196	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   2	   2	   11	   3665	   21950	  

197	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   3	   2	   13	   4501	   20980	  

198	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   2	   3	   12	   4243	   21716	  

199	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   2	   4	   9	   2850	   15025	  

200	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   2	   4	   7	   2934	   16322	  

201	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   3	   4	   3	   1258	   6273	  

202	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   3	   4	   6	   2002	   10124	  

203	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   4	   4	   10	   3102	   16744	  

204	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   4	   4	   10	   3385	   17347	  

205	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   5	   4	   16	   4144	   19960	  

206	   Rab8-‐IR	   18	   Dicer_PIP2	   R	   5	   4	   10	   3935	   21620	  

207	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   2	   5	   16	   5034	   24148	  

208	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   3	   5	   19	   6265	   26394	  

209	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   4	   5	   15	   4981	   22430	  

210	   Rab8-‐IR	   18	   Dicer_PIP2	   L	   5	   5	   19	   7325	   33232	  

211	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   2	   1	   23	   7056	   40180	  

212	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   3	   1	   27	   6833	   28424	  

213	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   4	   1	   18	   4675	   22061	  

214	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   5	   1	   16	   5207	   28549	  

215	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   2	   2	   20	   3927	   18391	  

216	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   3	   2	   19	   5814	   28576	  
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217	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   4	   2	   17	   4810	   24331	  

218	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   5	   2	   13	   4367	   25038	  

219	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   2	   3	   19	   4224	   19537	  

220	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   2	   3	   5	   1975	   8594	  

221	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   3	   3	   16	   4317	   21347	  

222	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   4	   3	   20	   4351	   20799	  

223	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   5	   3	   39	   11031	   56306	  

224	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   2	   4	   19	   5459	   23440	  

225	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   3	   4	   18	   3627	   17725	  

226	  
Crumbs-‐
IR	   29	   Dicer_GFP	   R	   3	   4	   7	   2461	   10836	  

227	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   3	   5	   11	   2855	   13923	  

228	  
Crumbs-‐
IR	   29	   Dicer_GFP	   L	   4	   5	   19	   5334	   28380	  

229	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   2	   1	   18	   7335	   40293	  

230	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   3	   1	   27	   8420	   43679	  

231	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   4	   1	   22	   7288	   43150	  

232	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   5	   1	   16	   5866	   35364	  

233	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   2	   2	   31	   9735	   56564	  

234	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   3	   2	   44	   11095	   65410	  

235	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   4	   2	   39	   13001	   74484	  

236	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   5	   2	   12	   4254	   26791	  

237	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   3	   3	   32	   9706	   57300	  

238	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   4	   3	   35	   7819	   45403	  

239	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   5	   3	   26	   8818	   52557	  

240	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   2	   4	   12	   4793	   27175	  

241	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   3	   5	   27	   9302	   49513	  

242	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   4	   5	   31	   10929	   62288	  

243	  
Crumbs-‐
IR	   18	   Dicer_GFP	   L	   5	   5	   36	   11709	   66109	  

244	  
Crumbs-‐
IR	   18	   Dicer_GFP	   R	   5	   5	   24	   7340	   40504	  

245	  
Crumbs-‐
IR	   29	   GFP	   L	   2	   1	   56	   9312	   41384	  

246	  
Crumbs-‐
IR	   29	   GFP	   L	   3	   1	   32	   8749	   36965	  

247	  
Crumbs-‐
IR	   29	   GFP	   R	   4	   1	   74	   12681	   62329	  

248	  
Crumbs-‐
IR	   29	   GFP	   L	   2	   2	   28	   7983	   34450	  

249	  
Crumbs-‐
IR	   29	   GFP	   L	   4	   2	   34	   8895	   38699	  

250	  
Crumbs-‐
IR	   29	   GFP	   L	   5	   2	   44	   10441	   45558	  

251	  
Crumbs-‐
IR	   29	   GFP	   R	   2	   3	   15	   4091	   22140	  

252	  
Crumbs-‐
IR	   29	   GFP	   R	   3	   3	   46	   9477	   41406	  

253	  
Crumbs-‐
IR	   29	   GFP	   R	   4	   3	   57	   12488	   54646	  

254	  
Crumbs-‐
IR	   29	   GFP	   R	   5	   3	   51	   13728	   61797	  

255	  
Crumbs-‐
IR	   29	   GFP	   R	   2	   4	   36	   13521	   91819	  

256	  
Crumbs-‐
IR	   29	   GFP	   L	   5	   5	   54	   14174	   73225	  

257	  
Crumbs-‐
IR	   29	   GFP	   L	   2	   6	   23	   5744	   25187	  

258	  
Crumbs-‐
IR	   29	   GFP	   L	   3	   6	   34	   9025	   40800	  
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259	  
Crumbs-‐
IR	   29	   GFP	   R	   4	   7	   53	   19257	   84151	  

260	  
Crumbs-‐
IR	   18	   GFP	   R	   2	   1	   23	   7778	   43107	  

261	  
Crumbs-‐
IR	   18	   GFP	   R	   3	   1	   26	   9286	   46668	  

262	  
Crumbs-‐
IR	   18	   GFP	   R	   4	   1	   25	   8879	   45440	  

263	  
Crumbs-‐
IR	   18	   GFP	   R	   5	   1	   33	   10421	   50094	  

264	  
Crumbs-‐
IR	   18	   GFP	   L	   2	   2	   31	   8144	   39393	  

265	  
Crumbs-‐
IR	   18	   GFP	   L	   3	   2	   30	   9797	   47593	  

266	  
Crumbs-‐
IR	   18	   GFP	   L	   4	   2	   31	   10526	   51459	  

267	  
Crumbs-‐
IR	   18	   GFP	   R	   4	   2	   24	   7826	   43027	  

268	  
Crumbs-‐
IR	   18	   GFP	   L	   5	   2	   41	   13036	   69146	  

269	  
Crumbs-‐
IR	   18	   GFP	   R	   4	   3	   34	   10325	   54363	  

270	  
Crumbs-‐
IR	   18	   GFP	   L	   2	   4	   28	   8193	   42038	  

271	  
Crumbs-‐
IR	   18	   GFP	   L	   3	   5	   23	   8808	   47382	  

272	  
Crumbs-‐
IR	   18	   GFP	   R	   2	   6	   28	   9074	   43557	  

273	  
Crumbs-‐
IR	   18	   GFP	   R	   3	   6	   31	   9089	   44954	  

274	  
Crumbs-‐
IR	   18	   GFP	   R	   4	   6	   15	   5930	   30257	  

275	  
Crumbs-‐
IR	   18	   GFP	   R	   5	   6	   39	   12402	   62650	  

276	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   2	   1	   44	   11067	   45898	  

277	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   3	   1	   28	   6957	   29854	  

278	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   4	   1	   35	   6378	   28014	  

279	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   2	   2	   54	   11709	   48861	  

280	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   2	   3	   28	   8670	   41521	  

281	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   4	   3	   33	   7166	   38943	  

282	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   R	   5	   3	   26	   7854	   41691	  

283	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   L	   2	   4	   29	   5348	   23519	  

284	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   L	   3	   4	   38	   6688	   31163	  

285	  
Crumbs-‐
IR	   29	   Dicer_PIP2	   L	   5	   4	   25	   5617	   25626	  

286	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   2	   1	   28	   9197	   47591	  

287	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   3	   1	   23	   7195	   43814	  

288	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   4	   1	   36	   8099	   49062	  

289	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   5	   1	   35	   8150	   46358	  

290	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   2	   2	   21	   6598	   36724	  

291	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   3	   2	   33	   8665	   49654	  

292	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   2	   3	   13	   4527	   25135	  

293	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   3	   3	   14	   5420	   28542	  

294	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   5	   3	   24	   6807	   35773	  

295	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   2	   4	   32	   8018	   42057	  

296	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   L	   3	   4	   28	   6885	   36844	  

297	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   5	   4	   32	   7612	   42529	  

298	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   2	   5	   16	   5014	   26796	  

299	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   3	   5	   18	   5389	   28867	  

300	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   4	   5	   16	   4700	   25733	  
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301	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   5	   5	   18	   5389	   28867	  

302	  
Crumbs-‐
IR	   18	   Dicer_PIP2	   R	   2	   6	   25	   6168	   28335	  

303	   Talin-‐IR	   29	   Dicer_GFP	   R	   2	   1	   5	   1783	   14150	  

304	   Talin-‐IR	   29	   Dicer_GFP	   R	   3	   1	   11	   1696	   14183	  

305	   Talin-‐IR	   29	   Dicer_GFP	   L	   4	   1	   1	   783	   8108	  

306	   Talin-‐IR	   29	   Dicer_GFP	   R	   4	   1	   5	   1688	   11955	  

307	   Talin-‐IR	   29	   Dicer_GFP	   L	   5	   1	   3	   1212	   10288	  

308	   Talin-‐IR	   29	   Dicer_GFP	   R	   5	   1	   6	   1921	   15880	  

309	   Talin-‐IR	   29	   Dicer_GFP	   L	   2	   2	   1	   596	   6813	  

310	   Talin-‐IR	   29	   Dicer_GFP	   R	   2	   2	   6	   1665	   11296	  

311	   Talin-‐IR	   29	   Dicer_GFP	   L	   3	   2	   3	   927	   7370	  

312	   Talin-‐IR	   29	   Dicer_GFP	   R	   3	   2	   4	   1153	   8997	  

313	   Talin-‐IR	   29	   Dicer_GFP	   R	   4	   2	   6	   1627	   10735	  

314	   Talin-‐IR	   29	   Dicer_GFP	   R	   5	   2	   5	   1244	   12145	  

315	   Talin-‐IR	   29	   Dicer_GFP	   L	   2	   3	   6	   1767	   11084	  

316	   Talin-‐IR	   29	   Dicer_GFP	   R	   2	   3	   6	   1449	   9915	  

317	   Talin-‐IR	   29	   Dicer_GFP	   L	   3	   3	   8	   1382	   11153	  

318	   Talin-‐IR	   29	   Dicer_GFP	   R	   3	   3	   8	   1520	   12057	  

319	   Talin-‐IR	   29	   Dicer_GFP	   L	   3	   4	   5	   943	   9469	  

320	   Talin-‐IR	   29	   Dicer_GFP	   R	   3	   4	   5	   915	   10399	  

321	   Talin-‐IR	   29	   Dicer_GFP	   L	   4	   4	   3	   764	   7506	  

322	   Talin-‐IR	   29	   Dicer_GFP	   R	   4	   4	   6	   1470	   15153	  

323	   Talin-‐IR	   18	   Dicer_GFP	   L	   2	   1	   13	   3204	   29870	  

324	   Talin-‐IR	   18	   Dicer_GFP	   L	   3	   1	   16	   3019	   17947	  

325	   Talin-‐IR	   18	   Dicer_GFP	   L	   4	   1	   21	   3998	   27497	  

326	   Talin-‐IR	   18	   Dicer_GFP	   L	   5	   1	   22	   3731	   25458	  

327	   Talin-‐IR	   18	   Dicer_GFP	   L	   2	   2	   18	   3352	   20277	  

328	   Talin-‐IR	   18	   Dicer_GFP	   L	   4	   2	   10	   2501	   19720	  

329	   Talin-‐IR	   18	   Dicer_GFP	   L	   5	   2	   17	   3569	   25108	  

330	   Talin-‐IR	   18	   Dicer_GFP	   L	   2	   3	   12	   2086	   14049	  

331	   Talin-‐IR	   18	   Dicer_GFP	   L	   3	   3	   24	   4155	   26746	  

332	   Talin-‐IR	   18	   Dicer_GFP	   R	   3	   3	   14	   2485	   18899	  

333	   Talin-‐IR	   18	   Dicer_GFP	   L	   4	   3	   10	   2242	   18447	  

334	   Talin-‐IR	   18	   Dicer_GFP	   R	   4	   3	   14	   4696	   28006	  

335	   Talin-‐IR	   18	   Dicer_GFP	   R	   5	   3	   16	   3307	   21350	  

336	   Talin-‐IR	   18	   Dicer_GFP	   R	   2	   4	   16	   2765	   18275	  

337	   Talin-‐IR	   18	   Dicer_GFP	   R	   3	   4	   18	   4207	   27031	  

338	   Talin-‐IR	   18	   Dicer_GFP	   R	   4	   4	   27	   4312	   28304	  

339	   Talin-‐IR	   18	   Dicer_GFP	   R	   5	   4	   23	   4442	   31419	  

340	   Talin-‐IR	   29	   GFP	   R	   3	   1	   12	   2103	   19071	  

341	   Talin-‐IR	   29	   GFP	   R	   4	   1	   11	   2004	   21964	  

342	   Talin-‐IR	   29	   GFP	   R	   5	   1	   14	   2682	   23541	  

343	   Talin-‐IR	   29	   GFP	   L	   2	   2	   11	   2140	   16050	  

344	   Talin-‐IR	   29	   GFP	   R	   2	   2	   12	   2130	   16828	  

345	   Talin-‐IR	   29	   GFP	   L	   3	   2	   11	   2109	   16962	  

346	   Talin-‐IR	   29	   GFP	   R	   3	   2	   12	   1942	   15675	  

347	   Talin-‐IR	   29	   GFP	   L	   4	   2	   11	   2076	   18197	  

348	   Talin-‐IR	   29	   GFP	   R	   4	   2	   12	   2081	   17973	  

349	   Talin-‐IR	   29	   GFP	   L	   5	   2	   12	   2375	   21891	  

350	   Talin-‐IR	   29	   GFP	   R	   5	   2	   14	   2614	   21662	  

351	   Talin-‐IR	   29	   GFP	   L	   2	   3	   8	   2049	   15262	  

352	   Talin-‐IR	   29	   GFP	   L	   3	   3	   8	   1730	   15204	  

353	   Talin-‐IR	   29	   GFP	   L	   4	   3	   9	   2038	   20421	  

354	   Talin-‐IR	   29	   GFP	   L	   5	   3	   14	   2509	   26128	  

355	   Talin-‐IR	   29	   GFP	   R	   2	   4	   16	   2245	   19660	  
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356	   Talin-‐IR	   29	   GFP	   R	   3	   4	   9	   1653	   14840	  

357	   Talin-‐IR	   29	   GFP	   R	   4	   4	   17	   3097	   22475	  

358	   Talin-‐IR	   29	   GFP	   R	   5	   4	   11	   2288	   24032	  

359	   Talin-‐IR	   18	   GFP	   L	   2	   1	   8	   2775	   18110	  

360	   Talin-‐IR	   18	   GFP	   R	   2	   1	   10	   3146	   20427	  

361	   Talin-‐IR	   18	   GFP	   L	   3	   1	   13	   3439	   21608	  

362	   Talin-‐IR	   18	   GFP	   L	   4	   1	   13	   3656	   25346	  

363	   Talin-‐IR	   18	   GFP	   R	   4	   1	   14	   3762	   25230	  

364	   Talin-‐IR	   18	   GFP	   L	   5	   1	   16	   3609	   24733	  

365	   Talin-‐IR	   18	   GFP	   R	   5	   1	   5	   1165	   8907	  

366	   Talin-‐IR	   18	   GFP	   L	   2	   2	   11	   3129	   16150	  

367	   Talin-‐IR	   18	   GFP	   L	   3	   2	   22	   4189	   21522	  

368	   Talin-‐IR	   18	   GFP	   R	   2	   3	   15	   3250	   20475	  

369	   Talin-‐IR	   18	   GFP	   R	   5	   3	   16	   3282	   19272	  

370	   Talin-‐IR	   18	   GFP	   R	   2	   4	   19	   3904	   22421	  

371	   Talin-‐IR	   18	   GFP	   R	   5	   5	   19	   3896	   26968	  

372	   Talin-‐IR	   18	   GFP	   L	   2	   6	   17	   3834	   24702	  

373	   Talin-‐IR	   18	   GFP	   L	   3	   6	   21	   4342	   25194	  

374	   Talin-‐IR	   18	   GFP	   L	   4	   6	   18	   3995	   29493	  

375	   Talin-‐IR	   29	   Dicer_PIP2	   L	   2	   1	   6	   1749	   9743	  

376	   Talin-‐IR	   29	   Dicer_PIP2	   R	   2	   1	   7	   1892	   13579	  

377	   Talin-‐IR	   29	   Dicer_PIP2	   L	   4	   1	   10	   2854	   23039	  

378	   Talin-‐IR	   29	   Dicer_PIP2	   R	   4	   1	   10	   2397	   14855	  

379	   Talin-‐IR	   29	   Dicer_PIP2	   L	   3	   2	   12	   4077	   24598	  

380	   Talin-‐IR	   29	   Dicer_PIP2	   R	   3	   2	   15	   3254	   25847	  

381	   Talin-‐IR	   29	   Dicer_PIP2	   L	   4	   2	   4	   1087	   7623	  

382	   Talin-‐IR	   29	   Dicer_PIP2	   R	   4	   2	   13	   1997	   12573	  

383	   Talin-‐IR	   29	   Dicer_PIP2	   L	   5	   2	   7	   1775	   16378	  

384	   Talin-‐IR	   29	   Dicer_PIP2	   R	   5	   2	   7	   1735	   14052	  

385	   Talin-‐IR	   29	   Dicer_PIP2	   L	   2	   3	   11	   1703	   10955	  

386	   Talin-‐IR	   29	   Dicer_PIP2	   R	   2	   3	   4	   1289	   7957	  

387	   Talin-‐IR	   29	   Dicer_PIP2	   L	   3	   3	   5	   1431	   7209	  

388	   Talin-‐IR	   29	   Dicer_PIP2	   R	   3	   3	   4	   860	   5917	  

389	   Talin-‐IR	   29	   Dicer_PIP2	   L	   5	   3	   18	   3538	   24763	  

390	   Talin-‐IR	   29	   Dicer_PIP2	   R	   5	   3	   9	   1725	   10162	  

391	   Talin-‐IR	   29	   Dicer_PIP2	   L	   2	   4	   6	   1727	   12189	  

392	   Talin-‐IR	   29	   Dicer_PIP2	   R	   2	   4	   4	   1394	   10680	  

393	   Talin-‐IR	   29	   Dicer_PIP2	   L	   3	   4	   8	   2487	   16332	  

394	   Talin-‐IR	   29	   Dicer_PIP2	   R	   3	   4	   9	   1554	   10300	  

395	   Talin-‐IR	   29	   Dicer_PIP2	   L	   4	   4	   9	   1786	   10892	  

396	   Talin-‐IR	   29	   Dicer_PIP2	   R	   4	   4	   3	   1000	   5469	  

397	   Talin-‐IR	   29	   Dicer_PIP2	   L	   5	   4	   9	   1861	   12459	  

398	   Talin-‐IR	   29	   Dicer_PIP2	   R	   5	   4	   18	   3006	   22355	  

399	   Talin-‐IR	   18	   Dicer_PIP2	   L	   3	   1	   16	   3181	   42975	  

400	   Talin-‐IR	   18	   Dicer_PIP2	   L	   4	   1	   22	   6205	   26176	  

401	   Talin-‐IR	   18	   Dicer_PIP2	   L	   5	   1	   34	   6757	   17714	  

402	   Talin-‐IR	   18	   Dicer_PIP2	   R	   2	   2	   11	   2763	   32222	  

403	   Talin-‐IR	   18	   Dicer_PIP2	   R	   3	   2	   26	   5019	   12701	  

404	   Talin-‐IR	   18	   Dicer_PIP2	   R	   4	   2	   30	   6960	   17683	  

405	   Talin-‐IR	   18	   Dicer_PIP2	   R	   5	   2	   31	   5307	   25990	  

406	   Talin-‐IR	   18	   Dicer_PIP2	   R	   3	   3	   7	   1909	   27201	  

407	   Talin-‐IR	   18	   Dicer_PIP2	   R	   4	   3	   25	   5120	   19371	  

408	   Talin-‐IR	   18	   Dicer_PIP2	   R	   5	   3	   32	   6798	   36611	  

409	   Talin-‐IR	   18	   Dicer_PIP2	   R	   2	   4	   13	   3100	   19784	  

410	   Talin-‐IR	   18	   Dicer_PIP2	   R	   3	   4	   11	   2471	   30403	  

411	   Talin-‐IR	   18	   Dicer_PIP2	   R	   4	   4	   19	   3875	   37100	  
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412	   Talin-‐IR	   18	   Dicer_PIP2	   R	   5	   4	   11	   3090	   16982	  

413	   Talin-‐IR	   18	   Dicer_PIP2	   L	   2	   5	   25	   5277	   31321	  

414	   Talin-‐IR	   18	   Dicer_PIP2	   L	   3	   5	   30	   5772	   12862	  

415	   Talin-‐IR	   18	   Dicer_PIP2	   L	   4	   5	   37	   6526	   40821	  

416	   Mys	   18	   Dicer_GFP	   L	   2	   1	   0	   571	   4687	  

417	   Mys	   18	   Dicer_GFP	   R	   2	   1	   0	   524	   3777	  

418	   Mys	   18	   Dicer_GFP	   L	   3	   1	   0	   757	   3844	  

419	   Mys	   18	   Dicer_GFP	   R	   3	   1	   0	   699	   4944	  

420	   Mys	   18	   Dicer_GFP	   L	   4	   1	   5	   1224	   7636	  

421	   Mys	   18	   Dicer_GFP	   R	   4	   1	   0	   439	   3637	  

422	   Mys	   18	   Dicer_GFP	   L	   5	   1	   2	   955	   8530	  

423	   Mys	   18	   Dicer_GFP	   R	   5	   1	   5	   925	   8542	  

424	   Mys	   18	   Dicer_GFP	   L	   2	   2	   0	   915	   5670	  

425	   Mys	   18	   Dicer_GFP	   R	   2	   2	   1	   925	   6768	  

426	   Mys	   18	   Dicer_GFP	   L	   3	   2	   0	   555	   4209	  

427	   Mys	   18	   Dicer_GFP	   R	   3	   2	   1	   747	   5618	  

428	   Mys	   18	   Dicer_GFP	   L	   4	   2	   2	   709	   5727	  

429	   Mys	   18	   Dicer_GFP	   R	   4	   2	   5	   746	   6474	  

430	   Mys	   18	   Dicer_GFP	   L	   5	   2	   0	   351	   3031	  

431	   Mys	   18	   Dicer_GFP	   R	   5	   2	   1	   925	   4695	  

432	   Mys	   18	   Dicer_GFP	   L	   4	   3	   0	   498	   4289	  

433	   Mys	   18	   Dicer_GFP	   R	   4	   3	   0	   653	   4497	  

434	   Mys	   29	   GFP	   L	   2	   1	   4	   817	   5027	  

435	   Mys	   29	   GFP	   R	   2	   1	   2	   569	   4195	  

436	   Mys	   29	   GFP	   L	   3	   1	   2	   563	   4120	  

437	   Mys	   29	   GFP	   R	   3	   1	   5	   817	   5401	  

438	   Mys	   29	   GFP	   L	   4	   2	   4	   864	   6186	  

439	   Mys	   29	   GFP	   R	   4	   2	   3	   791	   5510	  

440	   Mys	   29	   GFP	   L	   5	   2	   8	   1210	   6647	  

441	   Mys	   29	   GFP	   R	   5	   2	   11	   1217	   8075	  

442	   Mys	   29	   GFP	   L	   3	   3	   8	   1405	   9082	  

443	   Mys	   29	   GFP	   R	   3	   3	   5	   1656	   9726	  

444	   Mys	   29	   GFP	   L	   2	   4	   7	   934	   5835	  

445	   Mys	   29	   GFP	   R	   2	   4	   0	   401	   2924	  

446	   Mys	   29	   GFP	   L	   3	   4	   6	   1312	   9003	  

447	   Mys	   29	   GFP	   R	   3	   4	   5	   931	   6046	  

448	   Mys	   29	   GFP	   L	   4	   4	   5	   816	   5701	  

449	   Mys	   29	   GFP	   R	   4	   4	   6	   1161	   7175	  

450	   Mys	   29	   GFP	   L	   2	   5	   1	   381	   2129	  

451	   Mys	   29	   GFP	   R	   2	   5	   3	   550	   3282	  

452	   Mys	   29	   GFP	   L	   3	   5	   29	   3114	   16891	  

453	   Mys	   29	   GFP	   L	   3	   6	   0	   751	   5279	  

454	   Mys	   29	   GFP	   R	   3	   6	   1	   797	   4820	  

455	   Mys	   29	   GFP	   R	   4	   6	   6	   1221	   6971	  

456	   Mys	   29	   GFP	   R	   5	   6	   10	   1556	   10459	  

457	   Mys	   18	   GFP	   L	   2	   1	   18	   3826	   23558	  

458	   Mys	   18	   GFP	   L	   3	   1	   18	   4099	   26178	  

459	   Mys	   18	   GFP	   L	   4	   1	   18	   3917	   29414	  

460	   Mys	   18	   GFP	   L	   5	   1	   17	   3509	   26794	  

461	   Mys	   18	   GFP	   R	   2	   2	   12	   2887	   17116	  

462	   Mys	   18	   GFP	   R	   3	   2	   16	   3104	   18386	  

463	   Mys	   18	   GFP	   R	   4	   2	   15	   3457	   22737	  

464	   Mys	   18	   GFP	   R	   5	   2	   32	   5480	   29582	  

465	   Mys	   18	   GFP	   L	   2	   3	   8	   2898	   15658	  

466	   Mys	   18	   GFP	   R	   2	   3	   15	   3638	   19468	  

467	   Mys	   18	   GFP	   L	   3	   3	   8	   2231	   14464	  
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468	   Mys	   18	   GFP	   R	   3	   3	   14	   3303	   21454	  

469	   Mys	   18	   GFP	   R	   4	   3	   12	   3303	   20397	  

470	   Mys	   18	   GFP	   L	   5	   3	   25	   5023	   28744	  

471	   Mys	   18	   GFP	   R	   5	   3	   29	   5206	   31130	  

472	   Mys	   18	   GFP	   L	   2	   4	   7	   1990	   13419	  

473	   Mys	   18	   GFP	   L	   3	   4	   18	   3644	   20483	  

474	   Mys	   18	   GFP	   L	   4	   4	   23	   5118	   32462	  

475	   Mys	   18	   GFP	   L	   5	   4	   21	   3567	   24927	  

476	   Mys	   29	   Dicer_PIP2	   L	   2	   1	   13	   1546	   7889	  

477	   Mys	   29	   Dicer_PIP2	   R	   2	   1	   11	   1584	   8213	  

478	   Mys	   29	   Dicer_PIP2	   L	   3	   1	   12	   2178	   11950	  

479	   Mys	   29	   Dicer_PIP2	   L	   5	   1	   16	   2314	   12997	  

480	   Mys	   29	   Dicer_PIP2	   L	   2	   2	   0	   400	   2136	  

481	   Mys	   29	   Dicer_PIP2	   R	   2	   2	   4	   680	   4070	  

482	   Mys	   29	   Dicer_PIP2	   L	   3	   2	   8	   1086	   7916	  

483	   Mys	   29	   Dicer_PIP2	   R	   3	   2	   13	   1547	   9860	  

484	   Mys	   29	   Dicer_PIP2	   L	   4	   2	   3	   465	   3764	  

485	   Mys	   29	   Dicer_PIP2	   R	   4	   2	   11	   1788	   12572	  

486	   Mys	   29	   Dicer_PIP2	   L	   5	   2	   2	   430	   7016	  

487	   Mys	   29	   Dicer_PIP2	   R	   5	   2	   2	   360	   3281	  

488	   Mys	   18	   Dicer_PIP2	   L	   2	   1	   12	   1907	   11084	  

489	   Mys	   18	   Dicer_PIP2	   R	   2	   1	   1	   602	   3386	  

490	   Mys	   18	   Dicer_PIP2	   L	   3	   1	   8	   1488	   8580	  

491	   Mys	   18	   Dicer_PIP2	   R	   3	   1	   3	   804	   4506	  

492	   Mys	   18	   Dicer_PIP2	   L	   4	   1	   4	   1245	   7219	  

493	   Mys	   18	   Dicer_PIP2	   R	   4	   1	   0	   724	   4849	  

494	   Mys	   18	   Dicer_PIP2	   L	   5	   1	   5	   1099	   6058	  

495	   Mys	   18	   Dicer_PIP2	   R	   5	   1	   2	   710	   4705	  

496	   Mys	   18	   Dicer_PIP2	   L	   2	   2	   6	   1131	   6178	  

497	   Mys	   18	   Dicer_PIP2	   R	   2	   2	   11	   1369	   7698	  

498	   Mys	   18	   Dicer_PIP2	   L	   3	   2	   2	   688	   4399	  

499	   Mys	   18	   Dicer_PIP2	   R	   3	   2	   2	   1142	   5039	  

500	   Mys	   18	   Dicer_PIP2	   L	   4	   2	   8	   1773	   12726	  

501	   Mys	   18	   Dicer_PIP2	   R	   4	   2	   3	   1561	   9018	  

502	   Mys	   18	   Dicer_PIP2	   L	   5	   2	   6	   965	   4799	  

503	   Mys	   18	   Dicer_PIP2	   R	   5	   2	   4	   1094	   5686	  
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