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Abstract 

How vesicle trafficking components actively contribute to regulation of paracrine signaling is 

unclear. We genetically uncovered a requirement for α-Soluble NSF Attachment Protein (α-

Snap) in the activation of the Janus Kinase/Signal Transducer and Activator of Transcription 

(JAK/STAT) pathway during Drosophila egg development.  α-Snap, a well-conserved vesicle 

trafficking regulator, mediates association of N-ethylmaleimide-Sensitive Factor (NSF) and 

SNAREs to promote vesicle fusion. Depletion of α-Snap or the SNARE family member 

Syntaxin1A in epithelia blocks polar cells maintenance and prevents specification of motile 

border cells. Blocking apoptosis rescues polar cell maintenance in α-Snap-depleted egg 

chambers, indicating that the lack of border cells in mutants is due to impaired signaling. 

Genetic experiments implicate α-Snap and NSF in secretion of a STAT-activating cytokine. Live 

imaging suggests that changes in intracellular calcium may be linked to this event.  Our data 

suggest a cell-type specific requirement for particular vesicle trafficking components in 

regulated exocytosis during development. Given the central role for STAT signaling in immunity, 

this work may shed light on regulation of cytokine release in humans. 
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Summary Statement 

The vesicle trafficking regulator α-Snap acts upstream of the Janus Kinase/Signal Transducer 

and Activator of Transcription (JAK/STAT) signaling pathway to induce motile cell fate during 

oogenesis. 

 

 

Introduction 

Paracrine signaling relies on the proper spatiotemporal release of activators from 

signaling cells, typically by exocytosis, to elicit distant responses.  During trafficking, fusion of a 

vesicle to the appropriate target membrane requires coordination through multiple conserved 

proteins, including Snap Receptor (SNARE) superfamily members (reviewed in (Rothman, 1996, 

Zhao et al., 2007, Bombardier and Munson, 2015, Zhao and Brunger, 2016, Wickner and Rizo, 

2017)).  Generally, an R-Snare in the vesicle membrane tethers to three Q-Snares on the target 

membrane, bringing the membranes close and docking them for fusion. Different SNARE 

proteins have distinct subcellular localizations, mediating specific fusion events. α-Soluble NSF 

Attachment Protein (α-Snap) binds to the cis-SNARE complex and recruits the ATPase N-

ethylmaleimide-Sensitive Factor (NSF). Upon ATP hydrolysis, NSF and α-Snap promote Snare 

complex disassembly, which is required for another round of fusion.  
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While much of vesicle trafficking occurs constitutively, specialized cells, including 

immune cells, neurons and pancreatic β-cells, need additional mechanisms to regulate 

secretion of histamines or cytokines, neurotransmitters and insulin, respectively (Burgoyne and 

Morgan, 2003, Südhof, 2012, Scheller, 2013, Xiong et al., 2017). In these cases, secretory cargo 

is separated, stored in vesicles, then rapidly released, independently from constitutive 

exocytosis. This is clearest in synaptic signaling, for which NSF and α-Snap are required. 

While a few specific roles have been suggested for NSF and α-Snap, their distinct 

developmental functions remain largely unknown.  NSF and α-Snap are required for Drosophila 

neurotransmission (Kawasaki et al., 1998, Babcock et al., 2004, Yu et al., 2011, Li et al., 2015) 

and in hypothalamus and neuron development in zebrafish and mice, respectively (Chae et al., 

2004, Hong et al., 2004, Kurrasch et al., 2009).   Two genes encode NSF proteins in Drosophila, 

comatose (comt) and NSF2, with some tissue-specific requirements (Siddiqi and Benzer, 1976, 

Boulianne and Trimble, 1995, Pallanck et al., 1995, Golby et al., 2001, Zhao et al., 2012). 

Notably, expression of a dominant negative NSF2 mutant phenocopies the loss of 

Wingless/WNT and Notch signaling and can genetically interact with components of these 

pathways (Stewart et al., 2001), and other developmental signaling cascades (Laviolette et al., 

2005).  We found a specific requirement for α-Snap and an NSF component in ovaries to 

regulate Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) signaling.   
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JAK/STAT signaling is well-conserved, required for development and immune function, 

and misregulated in disease (Amoyel et al., 2014, O'Shea et al., 2015, Villarino et al., 2015). In 

Drosophila, an Unpaired (Upd) protein binds to a cytokine receptor, which results in JAK 

activation, STAT phosphorylation, and regulation of target genes (Zeidler and Bausek, 2013, 

Chen et al., 2014).  STAT signaling is required for the specification and migration of ovarian 

follicle cells called border cells (reviewed in (Saadin and Starz-Gaiano, 2016)).  

Developing egg chambers are encased by a monolayer of follicle cells, which 

differentiate into multiple fates. The anterior and posterior-most follicle cells become polar 

cells, which are essential for patterning (reviewed in (Wu et al., 2008, Duhart et al., 2017)). Upd 

secreted from polar cells activates JAK/STAT signaling (Van de Bor et al., 2011, Hayashi et al., 

2012). Early, this signaling reduces the number of polar cells and specifies stalk cells (Baksa et 

al., 2002, McGregor et al., 2002, Assa-Kunik et al., 2007, Borensztejn et al., 2013, Borensztejn et 

al., 2018). Later, follicle cells with the highest STAT activity become border cells and migrate to 

the oocyte (Fig. 1A-B)(Montell et al., 2012, Saadin and Starz-Gaiano, 2016).  Border cell 

specification and migration requires multiple inputs that control transcription, signaling, 

cytoskeletal organization, adhesion, and protein trafficking. Here, we demonstrate a critical role 

for α-Snap, Syntaxin1A (Syx1A), and NSF/NSF2 in mediating trafficking event(s) required to 

induce JAK/STAT signaling.  
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Results and Discussion 

α-Snap and Syx1A are required for border cell specification  

To assay vesicle trafficking in developmental signaling, we disrupted trafficking 

regulators using RNA interference (RNAi, Table S1).  We downregulated α-Snap, ɣ-Snap, 

comt/NSF, NSF2, and ten Syntaxins (Q-Snares) (Littleton, 2000, Lloyd et al., 2000, Zhao et al., 

2012) in a subset of follicle cells, including polar cells and border cell precursors (using c306-

Gal4, Fig. 1A-B).  

Strikingly, depletion of α-Snap resulted in an unusual phenotype: egg chambers with no 

border cell cluster, as assayed by expression of border cell-enriched proteins (Fig. 1C, S3C; see 

Materials and Methods). We observed this phenotype in 20-50% of stage 10 egg chambers 

using two α-Snap RNAi lines (Fig. 1M, Table S1).  Depletion of Syx1A resulted in the same 

phenotype (Table S1, Fig. 1D).  Downregulation of other vesicle trafficking regulators produced 

wild-type egg chambers or other defects (Table S1). Thus, different vesicle trafficking genes 

likely have different key roles in follicle cells. 

We confirmed the on-target effect of α-Snap RNAi by qRT-PCR (Table S2) and by 

rescuing the no-border cell phenotype via α-Snap over-expression (>3 fold rescue compared to 

controls, Fig. S1A-B,J,M).  Over-expression of α-Snap-HA alone caused no obvious defects 

(Fig.S1C). We verified the temporal requirement for α-Snap by reducing its expression 

specifically in adults using tub-Gal80ts and also rescuing the mutant phenotype in adults 

(Fig.S1D-F and K).  Using α-Snap antisera (Babcock et al., 2004), we detected the protein 

at/near the plasma membrane of follicle cells, consistent with it functioning there (Fig. 1E).  
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α-Snap functions with NSF in border cell specification  

α-Snap recruits NSF, which hydrolyzes ATP to provide the energy for conformational 

changes that disassemble the SNARE complex, thereby resetting the components for a later 

round of fusion.  However, recent studies reveal that α-Snap can act independently of NSF 

activity, for example, to promote yeast vacuolar fusion (Zick et al., 2015, Schwartz et al., 2017, 

Song et al., 2017), or to regulate other cellular behaviors (Naydenov et al., 2012, Miao et al., 

2013, Naydenov et al., 2014).  Depletion of comt/NSF or NSF2 in follicle cells yielded wild-type 

phenotypes (Table S1, Table S2); thus, the function of α-Snap in these cells could be NSF-

independent or the two NSFs might function redundantly (Golby et al., 2001). Consistent with 

the latter, depletion of both genes together caused lethality (Table S2). Different cell types 

show different levels of NSF/NSF2 expression (Ordway et al., 1994, Boulianne and Trimble, 

1995, Pallanck et al., 1995, Golby et al., 2001, Mohtashami et al., 2001), indicating they may 

have different demands for its function.  We detected both genes by qRT-PCR from ovaries, and 

found high expression levels of NSF protein in the early germline and follicle cells, including 

polar cells, by antibody staining (Li et al., 2015)(not shown).  Next, we over-expressed NSF2 in 

follicle cells. While over-expression of NSF2 alone yielded no mutant phenotype, it significantly 

rescued the phenotype caused by reduced α-Snap (Fig.S2). NSF2 overexpression may promote 

vesicle machinery resetting in the presence of a small amount of α-Snap through less favored 

interactions, or it may promote fusion independent of α-Snap at high concentrations (like 

overexpressed yeast Sec18 (Zick et al., 2015, Song et al., 2017)).  Since the two NSF proteins are 

over 80% identical and both are detected in ovary, we suspect that α-Snap normally functions 

with either in follicle cells. These results, and the role for Syx1A at the plasma membrane 
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(Schulze et al., 1995), suggest that α-Snap, NSF and/or NSF2, and Syx1A are necessary for 

exocytosis during border cell specification.  

 

α-Snap is required in polar cells for border cell specification  

α-Snap could be required in signaling cells for signal release, or in responding cells to 

traffic receptors to the cell surface. To distinguish between these, we depleted α-Snap in 

different cell types: polar cells early (upd-Gal4, Fig. 1F-G, (McGregor et al., 2002)), border cell 

precursors (not polar cells)(fruitless-Gal4, Fig. 1J-K, (Borensztejn et al., 2013)), or later in 

specified border cells (not polar cells)(stage 8/9, slbo-Gal4, not shown (Rørth et al., 1998)). α-

Snap depletion in border cells or their precursors yielded wild-type phenotypes (Fig. 1L, M, and 

data not shown).  In contrast, depletion of α-Snap using upd-Gal4 led to the absence of border 

cells in more than 80% of egg chambers (Fig. 1H,M), and a lack of polar cells by stage 10. This 

severe phenotype was rescued by α-Snap over-expression (Fig.S1G-I, L). Similarly, reduction of 

Syx1A in polar cells resulted in failed polar cell maintenance and no border cells (Fig. 1I,M).  

These results suggest that α-Snap and Syx1A are required in polar cells to promote 

border cell specification, but are largely dispensable in border cells themselves. This is unlike 

depletion of exocyst components, which affects cell migration but not specification (Assaker et 

al., 2010, Laflamme et al., 2012, Ramel et al., 2013). Together, these results indicate that 

different vesicle trafficking regulators have cell-type specific key functions.   
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α-Snap is required for polar cell maintenance and separately for border cell induction 

The lack of border cells upon reducing α-Snap expression could be due to cell death or 

failed specification. A primary marker for polar cells, Fasciclin III (FasIII)(Ruohola et al., 1991), 

was present early but not detected later when α-Snap was depleted, indicating the cells are 

specified but not maintained (Fig. 2A). We do not believe that this reflects a general 

requirement for α-Snap in cell viability since depletion in other follicle cells does not result in 

obvious defects (Fig.1L).  Different cell types are differentially sensitive to surviving α-Snap 

disruption (Babcock et al., 2004, Chae et al., 2004, Hong et al., 2004, Tomes et al., 2005, Batiz et 

al., 2009, Naydenov et al., 2014, Arcos et al., 2017) and may require different amounts of this 

regulator. To overcome polar cell loss, we expressed the anti-apoptotic gene, p35 (Hay et al., 

1994), in α-Snap-depleted polar cells. Polar cells were apparent at all stages in this genotype, 

indicating that α-Snap is essential for their maintenance (compare Fig. 2A,B to D,E). 

Interestingly, more than 70% of these egg chambers still lacked border cells (Fig. 2F), revealing 

a separable, essential function for α-Snap to enable polar cells to specify border cells. 

 

α-Snap is not required for all sub-cellular trafficking  

In mammalian cells, α-Snap is required for localization of E-Cadherin, β-Catenin, and 

apical proteins (Chae et al., 2004, Hong et al., 2004, Andreeva et al., 2005, Naydenov et al., 

2012). Since early depletion of α-Snap resulted in the absence of polar cells, we could not 

investigate protein localization there. However, the localization patterns/levels of E-Cad and 

Arm were normal in posterior cells upon α-Snap or Syx1A disruption (Fig. 1C,D,H,I; Fig. S3A-C) 

and normal upon α-Snap disruption in border cells (not targeting the polar cells, Fig 1L).  
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Additionally, reduction of α-Snap affects border cells differently than loss of adhesion and 

polarity molecules: reduction of E-Cad results in cluster separation (Cai et al., 2014) and 

disruption of apical proteins yields poor border cell migration (Niewiadomska et al., 1999, 

Pinheiro and Montell, 2004).  

Polar cells activate several signaling pathways, but most do not appear to require α-

Snap. α-Snap depletion did not result in fused egg chambers, stalk defects, or oocyte polarity 

defects (Fig. 1C,2B), as would disruption of Hedgehog, Hippo, and/or Notch (N) signaling 

(Lopez-Schier and St Johnston, 2001, Grammont and Irvine, 2002, Chen et al., 2011). 

Furthermore, although polar cell fate requires N activity, we found no genetic interaction 

between N (Nts2) and α-Snap (α-SnapG8) in polar cell fate (Fig.S3D). These observations are 

consistent with cell culture studies linking α-Snap only to certain signaling cascades (Baeg et al., 

2005, DasGupta et al., 2005, Nybakken et al., 2005).  Notably, genetic disruptions of α-Snap 

dramatically compromise the functions of some cell types while not obviously affecting others 

(Babcock et al., 2004, Chae et al., 2004, Hong et al., 2004, Batiz et al., 2009, Arcos et al., 2017), 

suggesting that some cells can overcome this defect.  It is possible that less-sensitive cells 

synthesize SNAREs rapidly to reduce demand for recycling, or have a “bypass” mechanism that 

alleviates the need for α-Snap/NSF activity (Thorngren et al., 2004), or that NSF can function 

with an unidentified co-factor to promote exocytosis.  
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α-Snap in polar cells regulates STAT activation in the border cells 

Border cell specification requires JAK/STAT signaling, so we tested if α-Snap could 

regulate components of this pathway. We assayed the recessive mutant alleles Stat92E397 

(Silver and Montell, 2001) and α-SnapG8 (Babcock et al., 2004). Single heterozygotes have 

normal numbers of border cells but minor cell migration defects (<5% penetrance, Fig. 3A-B,D, 

(Silver and Montell, 2001, Silver et al., 2005)). Trans-heterozygous (Stat92E397/α-SnapG8) flies 

had a significantly enhanced mutant phenotype (>20%, Fig. 3C-D), indicating that α-Snap and 

Stat92E likely function in the same genetic pathway. 

Next we examined the secreted activator Upd.  In epistasis tests, we found that over-

expression of upd in the polar cells significantly rescued the phenotype caused by one α-Snap 

RNAi line (Fig.3E) and to a lesser extent by another (not shown), resulting in normal border 

cells.  These results are consistent with a model in which α-Snap and Syx1A are necessary in 

polar cells to regulate Upd release. 

During early oogenesis, Upd in polar cells promotes stalk cell fate (Lopez-Schier and St 

Johnston, 2001, Baksa et al., 2002, McGregor et al., 2002, Assa-Kunik et al., 2007) and 

eliminates excess polar cells (Borensztejn et al., 2013, Torres et al., 2017).  Although we 

disrupted α-Snap and Syx1A early, we did not see stalk defects or extra polar cells (Fig.2B), nor 

changes in stretch or centripetal cells, which require low levels of STAT signaling (Xi et al., 

2003).  We speculate that α-Snap was not depleted early enough to cause these defects, or that 

low levels of α-Snap function permit low levels of STAT activity.  Upd is not required for polar 

cell fate, and the survival signal that α-Snap regulates to maintain polar cells is unknown. 
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We propose that α-Snap mediates the controlled exocytosis of Upd separately from 

constitutive trafficking. Our results add another control node to JAK/STAT signaling. Given the 

strong conservation of this pathway, it will be interesting to see if the α-Snap homolog in 

humans (NAPA, 60% identical to fly α-Snap (Lemons et al., 1997)) regulates STAT-mediated 

immune response.   

 

Intracellular calcium increases transiently in polar cells prior to border cell specification 

Some secreted molecules are sequestered and released in a calcium-dependent, 

regulated manner (Südhof, 2012, Xiong et al., 2017), including secretory granules from 

neutrophils, neurotransmitter release, and the sperm acrosome reaction (Littleton et al., 1993, 

Tomes et al., 2005, Stow et al., 2009, Scheller, 2013, Sheshachalam et al., 2014). The latter two 

events are known to be mediated by α-Snap, NSF, and certain Syntaxins. Since our data suggest 

that STAT activation depends on these regulators in polar cells, we examined intracellular 

calcium flux in egg chambers using multiple, verified calcium sensors (Chen et al., 2013). 

Interestingly, we observed periodic, transient increases in intracellular calcium signals in polar 

cells prior to border cell specification using three different Gal4 drivers (Fig. 4A-C; 

Supplementary movies 1-3). Consistent with a role for calcium, we observed significantly fewer 

border cells when free calcium was reduced in polar cells by overexpression of the human 

Parvalbumin protein (PV,(Harrisingh et al., 2007)) (Fig. 4D-G; 4.8 clustered migratory cells 

(average) in upd-Gal4;UAS-PV egg chambers(n=23), compared to 5.8 cells in upd-Gal4;UAS-

GFP(n=28); p<0.002 in Mann-Whitney test).  The number of border cells is known to drop with 

decreased STAT activity (Silver et al., 2005, Starz-Gaiano et al., 2008, Van de Bor et al., 2011).  
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Thus, we favor a model in which Upd is released in a regulated, not constitutive manner, in 

response to calcium (Fig.4H).  Notably, cation concentrations govern morphogen release during 

fly wing development (Dahal et al., 2012, Dahal et al., 2017). Thus, ion-regulated exocytosis 

might represent a widespread means to mediate specificity of signal release during animal 

development.  

 

Materials and Methods 

Fly stocks 

The GD11986 and KK107910 transgenic α-Snap RNAi lines were from Vienna Drosophila 

Research Center (Dietzl et al., 2007). The polar cell driver (upd-Gal4)(Khammari et al., 2011), 

and UAS-upd (21.2) (Silver et al., 2005) transgenic and stat92E397 mutant flies were provided by 

Dr. Montell. UAS-NSF2 transgenic fly line was a generous gift from Dr. Pallanck. All other 

transgenic and mutant fly lines including UAS-mCD8-GFP/CyO (Lee and Luo, 1999), UAS-GFP.nls 

14  (Neufeld et al., 1998), the anterior follicle cell drivers: c306-Gal4 (Manseau et al., 1997), 

slbo-Gal4 (Rørth et al., 1998) and fruitless-Gal4 (Hayashi et al., 2002), tub-Gal80ts/TM6 

(McGuire et al., 2003), UAS-p35 (Hay et al., 1994), Ep-Dome (P(EPgy2)EY22614)  (Bellen et al., 

2011), αSnapM4 and αSnapG8  (Babcock et al., 2004), Nl1N-ts2 (Shellenbarger and Mohler, 1975), 

UAS-GCaMP6m and UAS-GCaMP6s reporters (Chen et al., 2013), tub-Gal4/TM3 (Lee and Luo, 

1999), UAS-PV-myc (Harrisingh et al., 2007), JF03266 and HMS00872 RNAi lines for α-Snap, and 

the rest of RNAi lines were from the Bloomington Drosophila Stock Center (Ni et al., 2008).  
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Over-expression and knock down studies 

Genetic expression of transgenes in follicle cells was performed as previously described (Saadin 

and Starz-Gaiano, 2016).  All genetic crosses were established at 25oC. If offspring of a cross 

involving Gal4 were not viable at 25oC, the cross was maintained at 18oC or the temperature-

sensitive allele of tub-Gal80 was introduced to the cross while the cross was maintained at 20-

21oC (permissive temperature for Gal80ts) to repress Gal4. Three to seven-day old female 

offspring were cultured on yeast supplemented food and maintained at either 25oC, 29oC or 

31oC, depending on their genotype, for various amounts of time prior to dissection. Unless 

otherwise stated in the figure legend, flies bearing Gal4 were incubated at 29oC for 12-16 

hours. Flies bearing Gal4 and Gal80ts were incubated at 31oC (non-permissive temperature for 

Gal80ts) for 54 hours, and flies that did not bear either Gal4 or Gal80ts, were incubated at 25oC 

for 12-16 hours before dissection. 

 

RNAi validation and quantitative real time PCR 

Genetic crosses were established and maintained at 25oC. Since follicle cell Gal4 drivers only 

impact a fraction of the cells in the ovary, we tested RNAi efficiency in embryos.  tub-Gal4 

females were crossed to males from the indicated RNAi lines. Total RNA was isolated from 0-24 

hour-old F1 embryos (25oC) using the Qiagen RNeasy Plus Micro Kit.  BioRad iScript was used 

for cDNA synthesis. qRT-PCR was performed in triplicates, using BioRad iTaq SYBR Green 

Supermix and the BioRad CFX96 thermocycler.  Tubulin-Gal4 embryos were used as the 
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calibrating sample, and relative changes in gene expression were calculated using rp49 as a 

reference gene.  Fold changes were determined using the Livak 2-CT method. 

Primers:  

-snap ex1-2; for: 5’-TGGGTGACAACGAACAGAAG-3’; rev:5’-CCCAGCTTTGTCCAGTTTT-3’ 

-snap ex2-3; for: 5’-GCTGCCAAACATCACCAAAG-3’; rev: 5’-CCACCTTCAACATGCACTTG-3’ 

comt set2; for: 5’-CCCGTGAAAATCAGCAAGAATC-3’; rev: 5’-ACCAACATTCACTATAGCCCG-3’ 

comt ex4-6; for: 5’-ACACGGATATCTTTAGCAAGGG-3’; rev: 5’-ACAGGAACTTTATGGCCCG-3’ 

NSF2 ex2-3; for: 5’-AGTTCCTCATGCAGTTCGC-3’; rev: 5’- GAGTCTTCGGTAGGGAATCG-3’ 

NSF2 ex3-4; for: 5’-AGTTGGAGGGTCTGGTTAGAG-3’; rev: GCTTGATGTCGTTGTCCAATG-3’ 

 

Immunofluorescence labeling and phenotypic analysis 

The female fly ovaries were dissected to ovarioles in Schneider’s media with 10% Fetal Bovine 

Serum and 0.6X penicillin-streptomycin (Prasad et al., 2007), and fixed in 4% paraformaldehyde 

in 0.1M Potassium phosphate buffer. The egg chambers were immunostained following a 

previously established protocol (McDonald et al., 2006). Briefly, fixed egg chambers were 

washed in NP40 wash buffer (0.05 M TrisHCl pH=7.4, 0.15 M NaCl, 1 mg/ml BSA, 0.5% Nonidet 

P-40 (Igepal CA-630, Sigma-Alderich), 0.02% Sodium Azide) (McDonald et al., 2006) and 

incubated in primary antibodies (listed below) diluted in NP40 wash buffer either overnight at 

4oC or for 2-3 hours at room temperature. The egg chambers were then washed four times in 

NP40 wash buffer and incubated in the diluted secondary antibodies (1:400 Alexa Flour 488 and 

568: Life technologies) at room temperature for 2-3 hours.  The immuno-stained egg chambers 

were then nuclei-stained with 1:1000 diluted DAPI (Invitrogen: D1306) for 10 minutes, washed 
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and mounted in 70% glycerol.  Stage 10 egg chambers were scored for border cell specification 

defects (characterized by the absence of border cell markers including: Drosophila β-Catenin, 

Armadillo(Arm)(Peifer et al., 1993)(Fig. 1C), Eyes Absent(Eya) (Bai and Montell, 2002) (Fig. 1C), 

Apontic (Apt)(Starz-Gaiano et al., 2008), Slow border cells (Slbo)(Montell et al., 1992), and E-

Cadherin (E-cad)(Niewiadomska et al., 1999)(Fig.S3C and data not shown)), and migration 

defects, where the border cell cluster had not reached to the oocyte. The absence of the border 

cells was further confirmed using optical sections to examine the whole depth of the tissue. 

Data for c306-driven and fruitless-driven JF03266 RNAi line in Fig. 1M is the average penetrance 

of four and two independent experiments respectively. To investigate the statistical 

significance, Mann-Whitney tests for border cell numbers or Fisher’s exact test for proportions 

was performed using online tools, http://vassarstats.net. 

The primary antibodies and their working dilutions were: mouse anti-Eya (10H6, DSHB) 

(1:100; (Bonini et al., 1993)), mouse anti-Armadillo (N27A1, DSHB) (1:40; (Riggleman et al., 

1990)), rabbit anti-Apt (provided by S. Hirose (1:1000)(Liu et al., 2003)), guinea pig anti-Apt 

(1:5000) from GST-Apt (Pocono Rabbit Farm), rat anti-Slbo (provided by P. Rorth) (1:1000; 

(Beccari et al., 2002)), 1:250 anti-Rabbit GFP (Life Technologies), rat anti-Drosophila E-cad 

(DCAD2 , DSHB)(1:20;(Oda et al., 1997)), 0.5 µg/ml rat anti-HA (11867423001; Roche), mouse 

anti-FasIII (7G10, DSHB)(1:50; (Patel et al., 1987)), rabbit anti-NSF (a gift from J. Han) (1:50; (Li 

et al., 2015)) and α-Snap (a gift from L. Pallanck) (1:600; (Babcock et al., 2004)). Images were 

acquired with a Carl Zeiss AxioImager Z1 and Apotome optical sectioning with Axiovision 

acquisition software.  Image size adjustments and figure assembly were completed using 

Photoshop CS6 Adobe.  
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Generation of UAS-α-Snap-HA transgenic flies 

Drosophila melanogaster α-Snap cDNA clone (LD21601) was obtained from Drosophila Genomic 

Research Center in pOT2 vector. The coding sequence excluding the stop codon (to allow HA 

tag expression) was amplified using primers that contained attB sites following the GateWay 

cloning protocol by Invitrogen/ThermoFisher. The Kozak sequence(CAAC)(Cavener, 1987) was 

also added to the forward primer right upstream of the start codon. BP reaction was carried out 

using pDNOR221 vector (Invitrogen: 12536-017) and Gateway BP Clonase II Enzyme mix 

(Invitrogen: 11789020) followed by heat shock-induced transformation into One Shot OmniMax 

2T1 Competent E. coli (Invitrogen: C854003). Successful cloning of α-Snap into pDONR221 was 

confirmed by sequencing using M13F(-21) and M13R primers (Genewiz).The LR reaction was 

then carried out using pDONR221 containing α-Snap and  pUASg-HA.attB vector ((Bischof et al., 

2007, Bischof et al., 2013), Gene Bank Accession: KC896837.1 ) by Gateway LR Clonase II 

Enzyme mix (Invitrogen: 11791020). The product of LR reaction was transformed into One Shot 

OmniMax 2T1 Competent E. coli cells. Successful cloning was confirmed by sequencing using 

the following primers:  Forward- 5’-CGTCGCTAAGCGAAAGCTAAGC-3’, Reverse 5’-

AGCCTGCTGCTACACTTGCC-3’.  The Destination vector (pUASg-HA.attB) containing α-Snap was 

used for PhiC31 injection through BestGene, Inc, plan H. 

 

  
Jo

ur
na

l o
f C

el
l S

ci
en

ce
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t

https://tools.thermofisher.com/content/sfs/manuals/gatewayman.pdf


 

Live calcium imaging 

Live imaging was performed following a previously established protocol (Manning and Starz-

Gaiano, 2015). Briefly, fly ovaries were dissected in Schneider’s media containing 0.2 mg/ml 

insulin, 10% FBS and 0.6X Pen/Strep. The egg chambers were cultured in insulin-containing 

media with the addition of FM4-64 dye (9µM, Invitrogen) during imaging. The dissected 

ovarioles were imaged every 10-20 seconds with a 1-2 second exposure time for 0.5-2 hours 

using a Carl Zeiss AxioImager Z1 microscope with AxioVision acquisition software.  Changes in 

fluorescent intensity were measured in ImageJ, after background correction if needed, by 

defining ROIs around polar cells and using Multi Measure on a stack of time lapse images.  An 

ROI of a nearby cell was defined as the background.  Change over background, F, was 

normalized to starting fluorescent intensity, F (Macleod, 2012).   
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Figure 1. α-Snap or Syx1A depletion in polar cells prevents border cell specification. (A-L) Egg 

chambers from indicated genotypes and stages; anterior, left; scale bars =20µm; DAPI (blue) 

marks nuclei. (A-B) c306-Gal4-driven expression of UAS-mCD8-GFP (green) in polar cells in 

some stage 2 egg chambers, and in all polar and border cells (arrowhead) from stages 8-10; Eya 

expression (red) marks follicle cells.  (C-D) c306-Gal4-driven α-Snap RNAi (C) or Syx1A RNAi (D) 

results in no border cells (Arm, red, with Eya in C, compare to L). (E) Cytoplasmic α-Snap protein 

(green), apically enriched in wild-type anterior follicle cells; cortical F-actin, red (asterisk, 

magnified in insets). (F-G) upd-Gal4-driven GFP expression in polar cells, stages 2-10. (H-I) upd-

Gal4-driven α-Snap RNAi (H) or Syx1A RNAi (I) results in no border cells. (J-K) fruitless-Gal4 

drives GFP (green) in anterior cells, excluding polar cells (FasIII-positive, red), before border cell 

specification(J) and later(K), magnified in insets. (L) fruitless-Gal4-driven α-Snap RNAi produces 
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wild-type border cells.  (M) Penetrance of the no border cell (BC) phenotype for indicated 

genotypes.  No bar means all egg chambers contained border cells. ***indicates p< 0.0005 by 

two-tailed Fisher’s exact test. 
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Figure 2. Blocking apoptosis in α-Snap-depleted polar cells does not rescue border cell 

specification. (A-B) upd-Gal4 driving α-Snap RNAi results in egg chambers that have polar cells 

early (FasIII-positive, red; arrow in A), but lack polar and border cells later (B; Arm, red; DAPI, 

blue). (C) p35 expression in polar cells yields normal border cells (arrowhead). (D-E) p35 

expression in α-Snap-depleted polar cells rescues polar cell maintenance but not border cell 

specification (arrow, magnified in insets).  (F) Penetrance of the no-polar (PC) and/or no-border 

cells (BC) phenotypes by genotype (line JF03266). 
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Figure 3. α-Snap functions upstream of Upd to promote JAK/STAT signaling and cell 

specification. (A-B) Border cells (arrow; Eya and Arm-positive, red) form and migrate correctly 

in α-SnapG8/+ (A) or Stat92E397/+ (B) heterozygotes. (C) An α-SnapG8/Stat397 egg chamber that 

contains migratory-defective border cells. (D) Penetrance of border cell migration defects by 

genotype.  (E) Penetrance of the no border cell phenotype by genotype.  * indicates p< 0.05,  

*** p< 0.0005, two-tailed Fisher’s exact test. (F) upd over-expression in polar cells yields a wild-

type phenotype. 
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Figure 4. Calcium signaling in polar cells prior to border cell specification.  Transient  

calcium-dependent GFP fluorescence in polar cells in egg chambers; transgenes indicated. 

White arrowheads mark polar cells fluorescing; empty arrowheads indicate the same cells at a 

different time not fluorescing. (A-C) Green, GCaMP6-GFP expression; (C) red, FM4-64 lipophilic 

dye. See supplementary movies 1-3.   (A-C’) Changes in fluorescence intensity, F/F, for the 

indicated cells over the timeframe of each movie. In C’, yellow and orange traces indicate the 

same cell at different positions due to the egg chamber shifting. (D-G) Egg chambers from 
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indicated genotypes; Apt (red) marks anterior follicle cells, FasIII (green) polar cells, and DAPI 

(blue) nuclei. (D,F) upd-Gal4-driven expression of UAS-GFP (green) in polar cells results in at 

least six migratory cells (bracket). (E,G) upd-Gal4-driven expression of UAS-PV (green) in polar 

cells to sequesters free calcium results in fewer migratory cells (three cells, triangles), and poor 

migration.  (H) A model for Upd cytokine secretion from polar cells.  (1) Upd is loaded into 

apically-targeted vesicles, which will associate with Syx1A at the plasma membrane and dock. 

(2) α-Snap and NSF/NSF2 associate with Syx1 and the vesicular SNARE complex.  In the 

presence of Ca++, the membranes fuse and Upd is released (3). α-Snap and NSF are required to 

reset vesicle fusion machinery for another round; Syx1A is recycled back to the plasma 

membrane. α-Snap also mediates release of a polar cell maintenance factor(X). 
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Vesicle 
Trafficking 

RNAi lines 
c306-Gal4 driven RNAi upd-Gal4 driven RNAi 

Regulator Genes No border cell cluster 
  Incomplete BC No border 

cell cluster 
  Incomplete BC 

cluster migration cluster migration 
KK107910 lethal  - 

α-Snap (soluble 
NSF JF03266 46.4% (n=97) ns 

88.3% 
(n=120) ns 

attachment 
protein) HMS00872 0% (n=38) 0% 

GD11986 * 22.7% (n=88) 31.8% 80.4% (n=46) ns 

Rab5 JF03335 0% (n=22) 91% 0% (n=104) ns 
HMS00147 0% (n=64) ns 

Syntaxin 1A JF01829 * 50% (n=40) 35% 50.6% (n=89) 14.6% 

Syntaxin 4 
JF01714 * 0% (n=136) ns 
JF01460 0% (n=93) ns 
HMS02771 0% (n=86) ns 

Syntaxin 5 JF03330 *  ns (n=67) 20.9% 0% (n=72) 12.5% 
Syntaxin 6 JF03125 0% (n=148) ns 
Syntaxin 7 JF02436 * 0% (n=65) 40% 0% (n=48) 0% 
Syntaxin 8 JF02038 0% (n=122) ns 

Syntaxin 13 HMS01723 0% (n=48) ns 
JF01920 0% (n=98) ns 

Syntaxin 16 JF01924 0% (n=174)  ns 0% (n=132) ns 
HMC03430 0% (n=104) ns 

Syntaxin 17 JF01937 * 0% (n=52) 0% 
Syntaxin 18 JF02263 * 0% (n=87) ns 

NSF 1 
(comatose) 

HMS01261 0% (n=56) ns 
JF01459 0% (n=89) 0% 
JF01233 0% (n=65) ns 0% (n=27)  0% 

NSF2 JF02765 0% (n=48) ns lethal 
HMS01262 lethal - lethal 

ɣ-Snap JF03124 0% (n=90) ns 

Table S1. Cell-type specific depletion of α-Snap or Syx1A leads to a failure of border cell 

specification, while depletion of other vesicle trafficking regulators leads to defects in 

border cell migration or normal, migrating border cells. The percent penetrance of 

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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the phenotype was scored in stage 10 egg chambers.  Penetrance of the phenotype caused by 

c306- and upd-Gal4 driven JF03266 α-Snap RNAi is the average of four and two independent 

experiments, respectively. Penetrance of the phenotype caused by Syx1A RNAi is the average of 

two independent experiments. While some α-Snap RNAi lines and Syx1A RNAi occasionally led 

to cell migration defects, the no-border-cells phenotype was more unusual; thus, this was our 

focus for further characterization. If the border cell migration defect was observed in less than 

10% of stage 10 egg chambers, it was deemed not significant (ns) since control (c306-Gal4) egg 

chambers sometimes displayed defects to this extent. Rab5 disruption was used as a positive 

control, which resulted in incomplete border cell migration (Assaker et al., 2010); however, 

border cell fate was not affected and Rab5 depletion in polar cells yielded a wild-type 

phenotype. In all experiments flies were incubated overnight at 29oC. RNAi lines with an 

asterisk have been shown to cause mutant phenotypes in other tissues, which indicates they 

are functional (Mummery-Widmer et al., 2009, Schnorrer et al., 2010, Khuong et al., 2013, 

Meehan et al., 2015, Peng et al., 2015, Harris et al., 2016, Mauvezin et al., 2016).  

Assaker, G., D. Ramel, S. K. Wculek, M. Gonzalez-Gaitan and G. Emery (2010). Spatial 

restriction of receptor tyrosine kinase activity through a polarized endocytic cycle controls 

border cell migration. Proc Natl Acad Sci U S A 107(52): 22558-22563. 

Harris, K. P., Y. V. Zhang, Z. D. Piccioli, N. Perrimon and J. T. Littleton (2016). The postsynaptic 

t-SNARE Syntaxin 4 controls traffic of Neuroligin 1 and Synaptotagmin 4 to regulate retrograde 

signaling. Elife 5. 

Khuong, T. M., R. L. Habets, S. Kuenen, A. Witkowska, J. Kasprowicz, J. Swerts, R. Jahn, G. van 

den Bogaart and P. Verstreken (2013). Synaptic PI(3,4,5)P3 is required for Syntaxin1A 

clustering and neurotransmitter release. Neuron 77(6): 1097-1108. 
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RNAi line 

tub-Gal4 driven RNAi in embryos c306-Gal4 driven RNAi 

Gene Fold change Primers Single RNAi Interaction tests 

KK107910 lethal 
α-Snap 
(soluble NSF 
attachment 
protein) JF03266 0.19 

a-snap ex1-2; 
a-snap ex2-3; 
a-snap FRP 

Lethal with JF01233 
HMS01261,  
(NSF RNAi),  

JF02765 (NSF2 RNAi) 

GD11986 
Lethal with JF02765, 

HMS01262 (NSF2 RNAi) 

NSF 
(comatose) 

HMS01261 0.31 
comt set2; 
comt ex4-6 

Lethal with JF02765 
(NSF2 RNAi) 

JF01459 
JF01233 

NSF2 JF02765 0.02 
NSF2 ex2-3 
NSF2 ex3-4 

Lethal with HMS01261 
(NSF RNAi)  

HMS01262 0.09 
NSF2 ex2-3 
NSF2 ex3-4 lethal at 25o 

Table S2. Verification of functional RNA interference. To test knockdown efficiency, tub-

Gal4 females were crossed to males from the indicated RNAi lines. Total RNA was collected 

from F1 embryos and assayed by qRT-PCR in triplicates.   Fold changes are represented as 

averages of two or four experiments.  Endogenous ovarian expression of α-Snap, NSF, and 

NSF2 mRNAs was verified using the same primer sets.  For interaction tests, RNAi lines were 

balanced and combined as indicated, then males carrying two RNAi insertions were crossed 

to c306-Gal4 females.   

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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Figure S1. α-Snap is required in the anterior follicle cells to induce border cell fate.  

Depletion of α-Snap in the anterior follicle cells (A&D) and in polar cells (G) leads to egg 

chambers that lack the border cell cluster. c306- and upd-Gal4-driven expression of HA-tagged 

α-Snap in the depleted egg chambers rescues the lack of a border cell cluster phenotype 

caused by the RNAi (B, E&H, arrowheads, insets; border cells are marked by HA expression 

(green) and Arm (red), and DAPI stain (blue). Over-expression of α-Snap alone in the control 

egg chambers (c306-Gal4, c306-Gal4; tub-Gal80 (ts) and upd-Gal4) does not affect border cell 

specification (C, F&I).  (J-M) Comparison of the penetrance of the no border cell (BC) cluster 

phenotype caused by α-Snap RNAi to that caused by the RNAi plus expression of HA-tagged α-

Snap in the anterior follicle cells (J&K) and polar cells (L). The presence of a second UAS in the 

genome (UAS-GFP), which might dilute out the concentration of Gal4, does not lead to 

suppression of the phenotype caused by α-Snap RNAi (M). *indicates p< 0.05, **p<0.005, *** 

p< 0.0005 significance value by two-tailed Fisher’s exact test.  Not significant change is shown 

as ns. Genotypes with no bar did not have any cases of the no border cell cluster phenotype.  

(A-C) and (J) flies were incubated at 29oC for 20 hours prior to dissection. (D-F) and (K) flies 

were incubated at 31oC (non-permissive temperature for Gal80ts) for 54 hours prior to 

dissection. (G-I) and (L) flies were incubated at 29oC for 45 hours (for the JF03266 RNAi line (L)) 

and for 26 hours (for the GD11986 RNAi line (G-I & L)) prior to dissection. (M) flies were 

incubated at 29oC for 48 hours prior to dissection. 

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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Figure S2. NSF2 and α-Snap function together to regulate border cell specification. (A-B) 

c306-Gal4-driven depletion of α-Snap using either the GD11986 (A) or JF03266 (B) RNAi line 

results in egg chambers that lack a border cell cluster. (C-E) Over-expression of NSF2 using 

c306-Gal4 rescues the phenotype caused by α-Snap RNAi (C-D), while overexpression of NSF2 

alone yields a wild-type phenotype (E). (F) The penetrance of the phenotype caused by α-

Snap RNAi is significantly reduced upon over-expression of NSF2. ***indicates p< 0.0005 

significance value by two-tailed Fisher’s exact test.  Flies bearing JF03266 RNAi and the ones 

additionally expressing NSF2 (c306-Gal4; UAS-NSF2; α-Snap RNAi (JF03266) flies) were 

incubated at 29oC for 24-48 hours prior to dissection.   

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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 Figure S3. α-Snap does not affect trafficking of all cell surface molecules.  (A-C) In egg 

chambers with α-Snap depletion, cell-surface adhesion molecule complexes are properly 

localized. c306-Gal4 drives membrane-tethered GFP expression (green) in the anterior and 

posterior follicle cells (A). Arm (A,B, red) and E-Cad (C, red) localization patterns in the posterior 

follicle cells appear normal in a c306-Gal4-driven α-Snap RNAi egg chamber. Insets in (A-C) are 

magnified views of posterior follicle in the control and in the α-Snap depleted egg chambers. 

(D) α-Snap and Notch (N) do not genetically interact during polar cell specification. Penetrance 

of stages 2-8 egg chambers that lack either only the anterior or both the anterior and the 

posterior polar cells (pc) in the Nts2/+ heterozygous, Nts2/+; α-SnapG8/+  double heterozygous or 

Nts2/Nts2 homozygous flies. Two-tailed Fisher’s exact test was run to calculate the statistical 

significance. All flies were incubated at 29oC (non-permissive temperature for ts2 allele of N) for 

116 hours.  
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Movie 1: Transient GFP fluorescence in a polar cell prior to border cell specification in a tub-

Gal4>UAS-GCaMP6m egg chamber. A 7:20 (seven minute, twenty second) portion of a 40 

minute-long time lapse movie. Images were captured every 10 seconds with a 1 second 

exposure time. Pulses are seen in the stage 6/7 egg chamber.  

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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Movie 2: Transient GFP fluorescence in polar cells in a stage seven upd-Gal4>UAS-

GCaMP6s egg chamber. An 11 minute portion of an hour-long time lapse movie. Images 

were capture every 20 seconds, with a 1.24second exposure time; red shows FM4-64 

marking the cell membranes.  A pulse is seen in the stage 8 egg chamber. 

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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Movie 3: Periodic GFP fluorescence in polar cells prior to border cell specification in a c306-

Gal4-UAS-GCaMP6m egg chamber. A 1 h, 37 min, 20 s (01:37:20) portion of a two hour-long 

time lapse movie. Images were captured every 20 second with a 1 second exposure time in the 

green channel. Pulses are seen in the anterior of the stage 7/8 egg chamber and the posterior 

of the younger egg chamber. 

J. Cell Sci.: doi:10.1242/jcs.217638: Supplementary information
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