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Abstract

Wnt proteins are secreted signaling factors that regulate cell fate specification and pattern-

ing decisions throughout the animal kingdom. In the Drosophila wing epithelium, Wingless

(Wg, the homolog of Wnt1) is secreted from a narrow strip of cells at the dorsal-ventral

boundary. However, the route of Wg secretion in polarized epithelial cells remains poorly

understood and key proteins involved in this process are still unknown. Here, we performed

an in vivo RNAi screen and identified members of the exocyst complex to be required for api-

cal but not basolateral Wg secretion. Specifically blocking the apical Wg secretion leads to

reduced downstream signaling. Using an in vivo ‘temporal-rescue’ assay, our results further

indicate that apically secreted Wg activates target genes that require high signaling activity.

In conclusion, our results demonstrate that the exocyst is required for an apical route of Wg

secretion from polarized wing epithelial cells.

Author summary

Regulation of Wnt signaling and the production of Wnt ligands is crucial for proper

development and homeostasis, as dysregulation leads to developmental defects and dis-

eases such as cancer. This study addresses the question of how functional Wnt ligands are

secreted by epithelial cells. By using the polarized epithelium of the developing Drosophila
wing as a model system to study Wnt/Wg secretion, the authors performed a large-scale

RNAi screen and identified proteins of the exocyst complex to be required for Wnt signal-

ing. The study shows that exocyst complex preferentially regulates apical secretion of Wg

proteins. Taken together, this study identifies routes and regulators for secretion of signal-

ing-active Wnt proteins from polarized epithelial cells.

Introduction

Wnts are secreted lipid-modified proteins conserved in all animals and play a pivotal role in

development and many human diseases such as cancer [1–3]. Initially identified to be
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important for wing and haltere development in Drosophila [4,5], Wnt ligands and their down-

stream signaling cascades have been subsequently studied in different organisms and many

evolutionarily conserved genes required for signaling upstream and downstream of the recep-

tors have been identified [6,7]. Subsequent genetic screens, performed in vivo and in cultured

Drosophila cells, have led to the discovery of components of the Wnt secretion pathway,

including the ER membrane protein Porcupine [8], the Wnt cargo receptor Evenness inter-

rupted (Evi; also known as Wntless) [9–11], p24 proteins [12,13] and the retromer complex

[14–19]. These factors are required during early steps of Wnt secretion. For example, Evi

binds and guides Wnt proteins through the ER and Golgi and loss of Evi leads to block of

Wnts in the early secretory compartments [20,21]. In contrast, proteins which may specifically

regulate apical or basolateral routes of Wnt secretion in polarized epithelium such as the wing

imaginal disc have remained largely unknown.

Drosophila wing imaginal discs, which give rise to the adult wing and thorax, are made up

of tightly packed columnar epithelial cells (disc proper cells) and a squamous epithelial sheet

towards the apical side of disc proper cells called the peripodial membrane [22]. In the wing

epithelium, Wg is secreted from two rows of cells at the dorsal-ventral (DV) boundary. Intra-

cellular Wg has been shown to be localized mainly apical [23–25], while extracellular Wg has

been reported to be either basolateral [25] or apical [26,27], depending on the method of Wg

detection. Recently, it was reported that an E3 ubiquitin ligase called Godzilla mediates apical

to basolateral transcytosis of Wg in the producing cells which facilitates signaling from the

basolateral side [28]. In contrast, it was also recently reported that Wg is internalized by the

receiving cells mainly from the apical surface [29], which raises questions on whether the api-

cal pool of Wg is essential for signaling.

So far, the route of Wg secretion from polarized epithelia has mostly been traced by either

following a fluorescently tagged exogenous Wg protein [28,30] or by analyzing the effect of

blocking cellular functions like endocytosis on the localization of extracellular Wg [26,27].

These approaches have led to contradictory models of polarized Wg secretion and the route of

an untagged endogenous Wg protein remains unknown. Here, we have performed an in vivo
RNA interference (RNAi) screen to identify regulators of Wg secretion from polarized epithe-

lial cells. The screen identified components of the exocyst complex to be required for polarized

Wg secretion. The exocyst complex has been implicated in different cellular trafficking pro-

cesses, including polarized secretion, ciliogenesis and cell migration [31–33]. Molecularly, the

exocyst complex has been described to be required for the fusion of vesicles with a target mem-

brane where it is mostly localized at the site of fusion [31]. We find that the exocyst complex is

required for apical secretion of Wg and that specifically blocking the apical route of Wg secre-

tion caused impaired signaling. We further demonstrate that the untagged endogenous Wg is

mainly secreted apically and this represents functionally a high-activity pool of Wg proteins.

Results

In vivo RNAi screening identifies exocyst components as regulators of Wg

secretion

We first set out to identify factors involved in the secretion of Wg from polarized cells in vivo.

We assembled a library of 394 RNAi lines targeting genes with a putative role in protein trans-

port (Fig 1A). Transgenic UAS RNAi lines were expressed under the control of wg-GAL4 to

deplete gene products in Wg producing cells. We then scored adult wing notch phenotypes

indicative of loss of Wg activity. In total, we identified 86 genes leading to wing notch pheno-

types (Fig 1A’ and S1 Table). Among these candidate genes were six (out of eight) components

of the exocyst complex (Sec3, Sec5, Sec6, Sec8, Sec15 and Exo84; see S1 Table).

Secretion of Wg requires the exocyst complex
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Exocyst proteins form a complex that has an evolutionarily conserved and general role in

polarized exocytosis [31]. While its mechanistic functions are not fully understood, it appears

to be important for tethering vesicles to the target membrane and for the regulation of SNARE

proteins. Here, we used the exocyst complex as a tool to investigate polarized Wg secretion

and further focused our experiments on Sec3, Sec6 and Sec15. Validation experiments showed

that knockdown of Sec6 in the wg expression domain showed a wing notch phenotype similar

to the evi RNAi control (Fig 1B–1B”). Furthermore, sec6, sec3 and sec15 RNAi in the posterior

compartment showed accumulation of total Wg inside the producing cells (Fig 1C–1C”, Fig

1D–1D” and S1A and S1B Fig).

To exclude that wg transcription is dependent on Sec6, we tested the expression of a wg-
lacZ reporter in Sec6 depleted cells. As shown in S1C–S1C” Fig, wg-lacZ expression was unaf-

fected by sec6 RNAi, while Wg accumulation was observed, demonstrating that wg transcrip-

tion is not changed upon Sec6 knockdown. Furthermore, to exclude potential artefacts due to

the antibody staining procedures, we assessed whether secretion of GFP-Wg expressed under

the control of Gal4/UAS system is dependent on Sec6. GFP-Wg protein secretion, as measured

by quantification of puncta outside the producing cells, was significantly reduced in sec6
RNAi, similar to evi RNAi positive controls (S1D and S1E Fig). These experiments confirmed

that the effect of Sec6 depletion on Wg secretion is neither caused by changes in wg transcrip-

tion nor influenced by the mode of Wg protein detection. Furthermore, we analyzed the phe-

notype of sec6 RNAi in a previously described sec6ex15 null allele [34]. sec6ex15 mutant clones

showed an intracellular accumulation of Wg (Fig 1E–1E’), which was also visible in transverse

sections (Fig 1F–1F’). Taken together, these data suggest that Sec6 and possibly other compo-

nents of the exocyst complex are required for the secretion of Wg.

The exocyst is required for apical secretion of Wg

Next, we investigated the effect of the exocyst in polarized Wg secretion and extracellular Wg

distribution in the wing epithelium. To this end, we depleted Sec6 in the posterior compart-

ment of imaginal discs and stained for extracellular Wg. Discs were imaged by confocal sec-

tions to visualize Wg protein distribution from the apical to the basolateral side of the

epithelium. As shown in Fig 2A–2A”, we observed a significant decrease of extracellular Wg

levels at the apical side, as compared to control tissue in the anterior compartment. Further-

more, extracellular Wg levels were increased at the basolateral side (Fig 2B–2B”). Reduced lev-

els of extracellular apical Wg protein were also clearly visible in the transverse sections (Fig

2C–2C’). Quantification of apical Wg (blue box in Fig 2C) showed reduced levels in the Sec6

depleted compartment (Fig 2C”). Moreover, a second, sequence-independent RNAi targeting

Sec6 showed similar apical secretion defects (S2A and S2B Fig).

We further aimed to confirm these results with a sec6 mutant allele. While sec6ex15 clones

were small, as also previously described [35], which could allow Wg from neighboring unaf-

fected tissue to spread over the mutant clone, in some sec6ex15 clones we observed reduced lev-

els of apical extracellular Wg while basolateral Wg was increased (Fig 2D–2F). We then

Fig 1. An in vivo RNAi screen identifies exocyst components as candidate regulators of Wg secretion. (A) A total of 394 genes involved in intracellular

transport were selected as input for the in vivo screen (see Methods) and some of the functional categories are shown in the pie chart. All the 394 genes were

screened in vivo using wg-GAL4 for the expression of RNAi in the Wg producing cells. (A’) Distribution of the phenotypes obtained is as follows, 282 no

phenotype, 26 lethal (larval/pupal) and 86 wing notch phenotypes. 6 out of 7 screened components of the exocyst complex (marked in black) showed wing

notch phenotype upon depletion (see also S1 Table). (B–B”) Wing notch phenotype obtained upon depletion of control (gene not related to Wnt signaling)

Relish (Rel) (B), Sec6 (B’) and Evi (B”) in Wg producing cells. (C–D) Total Wg staining on discs with depletion of Sec6 (C–C”) or Evi (D–D”) in the

posterior compartment of the disc (marked by GFP). (E) Total Wg accumulation in sec6ex15 mutant clones (marked by absence of GFP). (F) XZ section

across the sec6ex15 mutant marked by blue lines in E. N�4 wing discs for C and D and N = 10 for E and F; scale bars 20 μm. a.u. = arbitrary unit.

AP = Anterior-Posterior boundary.

https://doi.org/10.1371/journal.pgen.1008351.g001
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Fig 2. Sec6 depletion blocks apical secretion of Wg. (A–A”) Representative images of the apical section of extracellular Wg staining performed on disc with

Sec6 depletion in the posterior compartment (marked by GFP). Genotype is en-Gal4, UAS-GFP/UAS-sec6-RNAi. (A”) Graph shows normalized intensity

profile across the blue box in A. (B–B”) Images of extracellular Wg staining at the basolateral side of the same Sec6 depleted disc. (B”) Graph shows normalized

Secretion of Wg requires the exocyst complex
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assessed the localization of Sec6 protein in the wing discs cells by antibody staining. Sec6 was

localized on the apical side (Fig 3A–3A’), similar to the previously known apical localization of

Sec5 and Sec6 seen in other epithelial cells [35,36]. The localization is consistent with a role of

the exocyst complex in mediating exocytosis of Wg at the apical side. Taken together, these

experiments showed that Sec6 is required for apical but not basolateral secretion of Wg in

wing disc epithelia.

We also analyzed the function of other exocyst complex components in Wg secretion. Extra-

cellular Wg staining on discs with Sec3 knockdown showed reduced apical secretion of Wg

(S3A–S3A” Fig) and increased basolateral Wg levels (S3C–S3C” Fig), similar to Sec6 depletion.

Expression of en-Gal4, UAS-GFP was occasionally patchy, leading to mosaic tissue in the posterior

compartment with some cells not expressing the transgenes. Consistently, these GFP negative

cells showed normal levels of apical extracellular Wg (S3B–S3B’ Fig). In addition, depletion of

Sec15 showed reduced apical and increased basolateral Wg levels (S3D and S3E Fig). This further

supports our conclusion that the exocyst complex is involved in the apical secretion of Wg.

Sec6 mediated secretion of Wg is required for high-level of signaling

Wg activates the expression of high-threshold target genes, including the proneural genes sense-
less (sens) and achaete [37–40] and the low-threshold target gene Distal-less (Dll) [41–43]. To

analyze how loss of Sec6-mediated apical Wg secretion influences downstream signaling, we

examined the expression of Sens and Dll upon depletion of Sec6. We observed a loss of Sens

expression (Fig 3B–3B’) and a significant reduction of Dll levels (Fig 3C–3C”), indicating a loss

of Wg signaling. In order to exclude the possibility that Sec6 is required for Wg signal transduc-

tion in the receiving cell, we expressed sec6 or evi RNAi constructs under the control of apter-
ous-Gal4. Apterous (ap) is expressed in the dorsal compartment of the imaginal disc and its

expression overlaps with only one out of two rows of Wg producing cells. Previous studies have

demonstrated that Evi is not required in the receiving cells for signal transduction [9,10]. Con-

sistently, we observed that ap-Gal4>evi RNAi led to an accumulation of Wg in the dorsal row

of producing cells whereas Sens–due to cell non-autonomous rescue by Wg protein secreted

from the ventral row of Wg producing cells–remained expressed (S4A and S4B Fig). Similarly,

depletion of Sec6 showed retention of Wg only in the dorsal row of producing cells. Sens

expression was unaffected on both sides of the DV boundary (S4C Fig). This demonstrates that

Sec6 is not required for Wg signal transduction in the receiving cells. We further confirmed

these phenotypes by clonal analysis of sec6ex15 mutant alleles. The sec6ex15 clones found in Wg

producing cells showed a reduced amount of Sens expression in the nearby Wg receiving cells

(S4D and S4D’ Fig, arrows). In contrast, sec6ex15 clones in the Wg receiving cells showed normal

expression of Sens (S4E and S4E’ Fig, arrow) and Dll (S4F and S4F’ Fig). Taken together, our

data shows that blocking Sec6-mediated apical Wg secretion leads to reduced signaling in the

receiving cells, suggesting that the apical pool of extracellular Wg contains high activity.

Wg is secreted apically from polarized wing epithelial cells

The polarized secretory route of endogenous Wg from the wing epithelial cells has been

controversially discussed and remains largely unclear. To determine the secretion route of

intensity profile across the blue box in B. (C–C”) XZ section of the Sec6 depleted disc shown above. (C”) Normalized intensity profile across the blue box in C.

(D–D”) Extracellular Wg staining performed on the discs containing small sec6ex15 mutant clones (marked by absence of GFP) shows modest reduction of

apical Wg levels, the graph (D”) shows intensity profile of the extracellular Wg across the blue line shown in D. (E–F) A clear increase in the basolateral Wg can

be seen over the same sec6ex15 mutant clone (E), which is also observed in the XZ section (F). N = 3 discs. Scale bar 20 μm, a.u. = arbitrary unit. AP = Anterior-

Posterior boundary.

https://doi.org/10.1371/journal.pgen.1008351.g002
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untagged endogenous Wg protein, we designed an in vivo ‘temporal-rescue’ experiment

whereby we block Wg secretion in evi2 homozygous null mutants and then relieve this block

by expressing an Evi-mCherry rescue construct under the control of a temperature sensitive

Gal4/Gal80ts expression system (Fig 4A). Using this method, we measured the secretion of Wg

protein in a time-resolved manner. Homozygous evi2 mutant larvae expressing GFP and Evi-

mCherry specifically in the posterior compartment under the control of en-Gal4; tub-Gal80ts

driver were reared at 18˚C (the restrictive temperature for expression) until the third instar

stage and then shifted to 29˚C (the permissive temperature for expression) for 7, 16 and 25

hours (h) (Fig 4A). Expression of Evi-mCherry was absent at the starting point of the induc-

tion (0h) (S6A Fig) and initiated from 7h (S5A Fig and S6B Fig). Concurrently, we detected

Wg secretion by extracellular Wg staining from 7h (S5A Fig) with peak secretion at 16h (Fig

4B–4E and S5B Fig), which was also observed until at least 25h (S5C Fig). Analysis of apical

and basolateral sections showed higher levels of extracellular Wg present at the apical (Fig 4B–

4B’) as compared to the basolateral side of the epithelium (Fig 4C–4C’, Fig 4D and Fig 4E).

Taken together these data demonstrate that endogenous Wg is predominantly secreted from

the apical surface of the producing cells.

Apically secreted Wg activates downstream signaling

Next, to investigate whether the apically secreted Wg can induce signaling in the receiving

cells, we analyzed the expression of Wg target genes sens and Dll in a ‘temporal-rescue’ experi-

ment. We observed that at 0h of Evi-mCherry expression, as expected Wg accumulated in the

producing cells (Fig 5A and 5A’). Concurrently, at the 0h time point, Sens expression was not

detected (S6A–S6A”” Fig) while low-levels of Dll were found in both anterior and posterior

compartments (Fig 5A” and 5A”’), as previously reported to be due to perdurance of mater-

nally provided Evi [9,10] or other ligand-independent mechanisms [44]. After 7-8h of Evi-

mCherry expression, when only a small amount of Wg was released (Fig 5B’ open arrowheads

Fig 3. Loss of Sec6 leads to Wg accumulation and loss of canonical signaling. (A-A’) Wg and Sec6 antibody staining on the wild-type discs. (B–B’) en-Gal4,

UAS-GFP/UAS-sec6-RNAi disc stained for Sens (N = 4). (C–C”) en-Gal4, UAS-GFP/ UAS-sec6-RNAi disc stained for Dll (N = 6). (C”) Quantification of Dll intensity

across the blue box (control) and the orange box (Sec6 depleted) shown in C’. Scale bar 20 μm. a.u. = arbitrary unit. DV = Dorsal-Ventral boundary.

https://doi.org/10.1371/journal.pgen.1008351.g003
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Fig 4. In vivo ‘temporal-rescue’ shows Wg secretion from the apical side of the producing cells. (A) Scheme for the ‘temporal-rescue’ experiment; en-Gal4,

UAS-GFP/UAS-evi-mCherry; tub-Gal80ts, evi2/evi2 discs were kept at 18˚C until the third-instar stage and then shifted to 29˚C for 7h, 16h and 25h. Extracellular Wg

staining was performed on discs at these time points. (B–E) Representative images of an evi2/evi2 disc rescued by the expression of Evi-mCherry for 16h. Expression of

GFP (green) and Evi-mCherry (red) can be observed (B and C). (B’ and C’) shows apical (B’) and basolateral (C’) confocal sections of extracellular Wg staining on the

Secretion of Wg requires the exocyst complex
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and inset), Sens expression remained absent (S6B–S6B””Fig) and Dll expression was

unchanged in the posterior compared to the anterior compartment (Fig 5B” and 5B”’). Subse-

quently after 16h of Evi-mCherry expression, Sens expression was induced (S6C–S6C”” Fig)

and Dll expression increased (Fig 5C” and 5C”’), concurrent with the expression of Evi-

mCherry (Fig 5C) and the release of the Wg protein (Fig 5C’ open arrowheads and inset).

These results suggest that the strong apical Wg secretion observed at 16h led to the activation

of Wg signaling in the receiving cells. Similar results were obtained 25h after the temperature

shift (Fig 5D–5D”’ and S6D–S6D”” Fig).

Taken together, these experiments indicate that an apical pool of Wg protein secreted from

the DV boundary activates Wnt signaling in the receiving cells, leading to the expression of

both high-threshold and low-threshold Wg target genes. Furthermore, these results support

the loss of Wg signaling phenotype observed upon blocking apical Wg secretion by Sec6

depletion.

Discussion

The Drosophila wing imaginal disc has been a powerful model to study tissue patterning by

secreted signaling molecules, such as Wnt/Wg proteins. Past studies have shown that extracel-

lular Wg protein can be detected at a distance of ten cells or further and this has been proposed

to activate the expression of short-range and long-range target genes in a concentration depen-

dent manner [41,45–47]. In contrast, a recent study using membrane-tethered Wg proposed a

juxtacrine signaling trafficking of Wg ligands and argued against the requirement of a Wg gra-

dient [48].

While we have learned much about Wnt/Wg secretion in general, the mechanism of polar-

ized Wg secretion has remained unclear. In particular, from which side of the polarized wing

epithelial cells the active pool of Wg is secreted has been long debated, and both apical as well

as basolateral routes have been suggested. In this study, we demonstrate that a highly active

pool of Wg is secreted from the apical side of polarized wing epithelial cells, a process that

requires the function of members of the exocyst complex.

Basolateral and apical mode of Wg secretion in polarized epithelia

At steady-state, extracellular Wg is detected mainly at the basolateral surface of wing epithelial

cells [25]. Recently, using a tagged Wg protein expressed via the endogenous Wg enhancer, it

was shown that Wg initially reaches the apical surface of the polarized epithelial cells before

getting transcytosed to the basolateral side with the help of Godzilla [28]. Loss of Godzilla

activity or expression in both Wg producing and receiving cells simultaneously caused an

increase of the apical extracellular Wg and loss of signaling. However, as Godzilla is shown to

regulate endosomal trafficking in the entire wing pouch region [49], an alternative explanation

of the observed results could be that signaling defects observed upon loss of Godzilla are due

to its effect on receptor trafficking in the signal receiving cells.

Our experiments provide evidence for the secretion of endogenous untagged Wg from the

apical surface. The efficient block of Wg secretion in homozygous evi mutants allowed us to

perform in vivo ‘temporal-rescue’ experiments to visualize Wg secretion in a time-resolved

manner, using a staining method to detect extracellular Wg. With these experiments, we

found that high amounts of Wg is secreted apically, while only low levels are observed at the

same rescued disc. (D) Quantification of extracellular Wg intensity (across the blue line in B and C). (E and E’) shows XZ view of the disc generated from the confocal

stacks. N = 4 discs; Scale bar 20 μm. AP = Anterior-Posterior boundary, a.u. = arbitrary unit.

https://doi.org/10.1371/journal.pgen.1008351.g004
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basolateral side. This apical secretion observed in our study is also in agreement with previous

observations of apical Wg [26] and with earlier studies which show that Wg is internalized

from the apical surface of the receiving cells, as visualized by direct endocytic assays [29] or by

Fig 5. Rescue of Wnt signaling by transient Evi expression. Genotype of all the discs shown in this figure is en-Gal4, UAS-GFP/UAS-evi-mCherry; tub-Gal80ts, evi2/
evi2. (A–A”) Representative images of 0h time point for rescue of evi2/evi2 with Evi-mCherry expression. No expression of GFP or Evi-mCherry can be observed (A).

Total Wg staining shows intracellular accumulation of Wg (A’) and Dll expression is unchanged between compartments (A”). Graph (A”’) shows quantification of Dll

staining from region marked with blue box in A” (N = 3 discs). (B–B”) Representative images of 8h rescue with very weak expression of Evi-mCherry and GFP (B).

Total Wg accumulation is mildly reduced (B’, open arrowheads) and Dll is unchanged (B” and also see B”’ for quantification, N = 5 discs). (C–C”) Representative

images of 16h of rescue showing strong expression of Evi-mCherry and GFP (C), reduced Wg accumulation (C’ open arrowheads) and increased Dll expression (C”

and C”’ for quantification, N = 4 discs). (D–D”) Total Wg and Dll expression at 25h of rescue (see also D”’ for quantification, N = 3 discs). Insets in A’, B’, C’ and D’

show magnified images of total Wg staining in the posterior compartment. Scale bars 20 μm. AP = Anterior-Posterior boundary, a.u. = arbitrary unit.

https://doi.org/10.1371/journal.pgen.1008351.g005
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its apical stabilization upon blocking endocytosis [27]. We further show that apically secreted

Wg is functional and is able to activate expression of both low-threshold (Dll) and high-thresh-

old (sens) target genes in the receiving cells, supporting the importance of this apical Wg pool.

However, these experiments do not rule out that a small amount of Wg observed at the baso-

lateral side can also activate low-level signaling.

The role of the exocyst complex in apical Wg secretion

In an in vivo RNAi screen, we first screened for an overall wing margin phenotype. While this

phenotype could arise from defects in processes not directly related to Wg secretion, it allowed

us to shortlist genes important for wing margin formation. From further analysis, we showed

that the exocyst complex is required for apical Wg secretion. The exocyst is believed to act in

tethering of secretory vesicles to the plasma membrane and is localized at the sites of exocytosis

in several cellular contexts [31]. Consistent with this, we find that Sec6 is localized at the apical

side of the wing epithelial cells, supporting a role in regulating fusion of Wg containing vesicles

at the apical side. This is also in accordance with its apical localization in polarized pancreatic

exocrine cells [50]. Interestingly, the exocyst complex was not identified in cell-based screens

for Wnt secretion [10,12,13], which may suggest that it regulates secretion only in polarized

cells.

We found that depletion of exocyst complex proteins led to the loss of extracellular Wg at

the apical side of the epithelium, with a concomitant increase in basolateral secretion. This

basolateral increase in Wg is not observed in the absence of Evi, where Wg remains trapped in

the early secretory pathway [20,21], thereby blocking both apical and basolateral Wg secretion.

Therefore, our results suggest that Sec6 depletion affects Wg secretion downstream of Evi, spe-

cifically blocking vesicle fusion at the apical membrane (our data) [35,36], while allowing the

accumulated Wg to be released via the unaffected basolateral route. However, it is also possible

that upon Sec6 depletion Wg proteins are channeled more towards the Godzilla-dependent

basolateral transcytosis [28]. Nevertheless and more importantly, this exocyst-dependent

increase in basolateral Wg did not completely rescue the loss-of apically secreted Wg protein

for target gene expression, thus arguing against the basolateral pool of Wg leading to high-

level signaling, which is required for the expression of the target gene sens. These results also

support the previous observation that the apical localization of wg transcript is required for

proper Wg signaling activity. It was shown that mis-localizing wg mRNA to the basolateral

side slightly enhanced basolateral distribution, however it led to reduced Wg signaling activity

[24].

Moveover, in support to our model, a recent study showed that the exocyst complex regu-

lates apical secretion of Wnt1 in polarized Madin-Darby canine kidney (MDCK) epithelial

cells [51], indicating that this function of the exocyst complex might be well-conserved. Our

data suggest that the apically secreted Wg, which is difficult to detect at steady-state most likely

due to its rapid internalization, is an active pool of Wg. In contrast, the extracellular Wg visible

strongly at the basolateral side at steady-state may give an ‘illusion’ of being the only functional

pool.

Mechanisms of polarized Wg signaling

An important question is why apical and basolateral Wg show differential signaling strengths.

Several models could explain this differential signaling activities in the polarized wing epithe-

lium: (i) in wing discs, the repertoire of Wnt receptors and co-receptors show polarized locali-

zation. A previous study suggested that the basolateral Wg may signal via the Wnt receptor

Frizzled2 (Fz2), which is found basolaterally at steady-state [52]. However, Fz2 along with the
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co-receptor Arrow and Wnt-binding glypican Dally-like are shown to be trafficked and inter-

nalized apically [26,27]. Frizzled1, which is redundant with Fz2 for canonical Wnt signaling, is

also localized at the apical side [52,53]. (ii) It has been suggested that internalization of Wg is

required for proper signaling [27,29,54]. A recent study showed that Wg is internalized from

the apical surface of the receiving cells and that these apically derived Wg-containing vesicles

fuse with Fz2-containing vesicles inside the cells [29]. Therefore, internalization of Wg from

the apical surface of the receiving cells, which will be perturbed upon Sec6 depletion, is needed

for its high signaling activity. It is also likely that higher levels of basolateral Wg observed upon

depletion of Sec6 is unable to interact with Fz2 in the endosomal compartments and can only

activate low-level signaling via Fz2 receptors present at the cell surface. (iii) Different biochem-

ical carriers can influence signaling strengths. Wnt proteins can be secreted on extracellular

vesicles [55–59] and bind to extracellular carriers such as lipoprotein particles and Swim [60–

62]. This raises the possibility that different signaling abilities are bestowed on Wnt proteins

by various carriers and that their different secretion routes in polarized cells can create an

activity difference between apical and basolateral Wg.

Taken together, our study provides a mechanism for the secretion of endogenous Wg from

polarized epithelial cells and identifies exocyst members required for apical secretion. It will be

of further interest to analyze the role of the exocyst in secretion of Wnt proteins in other devel-

opmental and niche/stem cell contexts.

Materials and methods

Drosophila genetics

The following Drosophila stocks were used: wg-GAL4 (2nd chr., a gift from S. Cohen), ap-GAL4
2nd chr., [63], en-GAL4, UAS-GFP 2nd chr. [64], CyO-wg-LacZ [65], UAS-evi-PB-mCherry [57],
UAS-GFP-wg [30], evi2 [10], FRTG13 sec6ex15/CyO-act-GFP [34], y,w, hs-flp; FRTG13 Ubi-GFP
M(2)58F/CyO (a gift from X. Lin), y,w, hs-flp; FRTG13 ubi-GFP.nls/CyO (a gift from Y. Bel-

laiche), dpp-Gal4/TM6b (Bloomington stock center stock # 7007), ubi-GFP FRT2A (A. Gould).

UAS-sec6-RNAi (KK-ID 105836 and GD-ID 22077), UAS-evi-RNAi (KK-ID 103812), UAS-
sec15-RNAi (KK-ID 105126), UAS-sec3-RNAi (KK-ID 108085), UAS-Rel-RNAi (KK-ID

108469) and UAS-wg-RNAi (GD-ID 13352) lines were obtained from the Vienna Drosophila
RNAi Center [66]. All crosses were reared at 25˚C except where specifically mentioned.

In vivo RNAi screen

Genes involved in intracellular transport were selected as previously described in [12]. The in
vivo RNAi screen was performed using the wg-GAL4 driver to express RNAi transgenes

(mostly KK library, some GD library lines, see also S1 Table) in the Wg producing cells. RNAi

lines that gave visible wing notches in adult animals were further analyzed. Selected candidates

were further studied for defects in Wg secretion by crossing to en-GAL4, UAS-GFP flies fol-

lowed by labelling for total and extracellular Wg (data shown only for the components of the

exocyst complex). Crosses were reared at 25˚C.

In vivo ‘temporal-rescue’ experiments

The in vivo ‘temporal-rescue’ experiments of evi2 mutants shown in Figs 4 and 5 and S5 and S6

Figs was performed by keeping larvae of genotype en-Gal4, UAS-GFP/UAS-evi-mCherry; evi2,
tub-Gal80ts/evi2 at 18˚C to prevent Evi expression (permissive temperature for Gal80ts) until third

instar stage and then shifted to 29˚C (restrictive temperature for Gal80ts), to induce GFP and Evi-

mCherry expression. Larvae were shifted to 29˚C for 7, 8, 16 or 25 hours before dissection.
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Heat shock induction of mutant clones

Sec6 loss of function clones were generated by heat shocking larvae of either y,w, hs-flp;
FRTG13 ubi-nlsGFP/FRTG13 sec6ex15 or y,w, hs-flp; FRTG13 Ubi-GFP M(2)58F/ FRTG13
sec6ex15 genotype, for one hour at 37˚C during first- and second-instar larval stages. Wing

imaginal discs from wandering third-instar larvae were dissected for antibody staining.

Drosophila genotypes

The following genotypes were used in this study:

Fig 1B: wg-Gal4/UAS-Rel-RNAi (KK)
Fig 1B’: wg-Gal4/UAS-sec6-RNAi (KK)
Fig 1B”: wg-Gal4/UAS-evi-RNAi (KK)
Fig 1C, Fig 2A–2C, Fig 3B and 3C: en-Gal4, UAS-GFP/UAS-sec6-RNAi (KK)
Fig 1D: en-Gal4, UAS-GFP/UAS-evi-RNAi (KK)
Fig 1E and 1F, Fig 2D–2F, S4E Fig: y w hs-FLP/+; FRTG13 sec6ex15/FRTG13 Ubi-nlsGFP
Fig 3A: w1118
Fig 4B–4E, Fig 5A–5D, S5 Fig and S6 Fig: en-Gal4, UAS-GFP/UAS-evi-mCherry; evi2, tub-

Gal80ts/evi2

S1A Fig, S3A–S3C Fig: en-Gal4, UAS-GFP/UAS-sec3-RNAi (KK)
S1B Fig, S3D and S3E Fig: en-Gal4, UAS-GFP/UAS-sec15-RNAi (KK)
S1C Fig: UAS-sec6-RNAi (KK)/ CyO-wg-LacZ; dpp-Gal4/+
S1D Fig: wg-Gal4, UAS-GFP-wg/UAS-Rel-RNAi (KK); tub-Gal80ts/+
S1D’ Fig: wg-Gal4, UAS-GFP-wg/UAS-sec6-RNAi (KK); tub-Gal80ts/+
S1D” Fig: wg-Gal4, UAS-GFP-wg/UAS-evi-RNAi (KK); tub-Gal80ts/+
S2A and S2B Fig: en-Gal4/UAS-sec6-RNAi (GD)
S4A Fig: ap-Gal4/+; UAS-GFP/+
S4B Fig: ap-Gal4/UAS-evi-RNAi (KK); UAS-GFP/+

S4C Fig: ap-Gal4/UAS-sec6-RNAi (KK); UAS-GFP/+

S4D and S4F Fig: y w hs-FLP/+; FRTG13 sec6ex15/ FRTG13 Ubi-GFP M(2)58F

Antibodies

The following antibodies were used: Mouse Anti-Wg (4D4s, obtained from Developmental

System Hybridoma Bank) 1:5 for extracellular and 1:50 for total staining, Rabbit-anti-Dll 1:200

(a gift from S. Carroll), Guinea Pig anti-Sens 1:300 [57], Guinea Pig anti-Sec6 1:100 (a gift

from U. Tepass). Fluorescent secondary antibodies used were Alexa-405, Alexa-488, Alexa-594

and Alexa-647 (Invitrogen) at 1:300 dilutions.

Immunostainings, microscopy and image analysis

Extracellular Wg staining was performed as described previously [25]. Wing discs were

mounted in Vectashield. Staining and microscopy conditions for discs used for comparisons

were identical. Images were taken with a Leica SP5 confocal and were analyzed using ImageJ

software [67]. Plot analysis and intensity measurements were performed on raw data processed

with ImageJ and statistical analysis was done using Microsoft Excel. Separate channel images

were assembled using Adobe Photoshop CS5.1.

Quantification of GFP-Wg secretion

wg-GAL4, UAS-GFP-wg; tub-Gal80ts flies were crossed to flies containing either UAS-Rel-
RNAi or UAS-evi-RNAi or UAS-sec6-RNAi. Crosses were reared at 18˚C until early larval
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stages and were then shifted for 72 hours at 29˚C for expression. Wing imaginal discs were

imaged using a Leica SP5 confocal and images were generated using ImageJ software [67].

Secreted GFP-Wg punta observed outside the producing cells were separated and quantified

by CellProfiler 2.0 software [68].

Supporting information

S1 Fig. Exocyst complex members are required for Wg secretion. (A–A”) Depletion of

another exocyst component Sec3 in the posterior compartment using en-Gal4, UAS-GFP
shows accumulation of Wg inside the producing cells. (A”) The graph shows fold change in

the mean intensity between control Wg levels (normalized to 1) and Wg levels in sec3 RNAi

(GFP positive), which are higher than the control (N = 7). (B–B”) Depletion of Sec15 in the

posterior compartment (GFP positive) of the discs shows accumulation of Wg inside the pro-

ducing cells. (C–C”) sec6 RNAi was expressed using dpp-Gal4 (double sided arrows show dpp
expression domain) in wg-LacZ background. No change is observed in the levels of LacZ

expression (C’) while Wg accumulation can be observed (C”). (D–E) GFP-Wg was expressed

along with control (gene not related to Wnt signaling) Relish (Rel) RNAi and evi RNAi or sec6
RNAi. Quantification shows significant reduction in the secreted GFP-Wg puncta in sec6
RNAi compared to the control Rel RNAi, while evi RNAi showed complete loss of GFP-Wg

secretion. N = 4 for D and E. error bars s.d.. P = 0.003 generated by Student’s t-test. Scale bar

20 μm.

(TIF)

S2 Fig. Sec6 is required for apical Wg secretion. (A–B) en-Gal4, UAS-GFP/UAS-sec6 RNAi
(GD) was used to deplete Sec6 in the posterior compartment of the discs (GFP positive). Extra-

cellular Wg staining performed on these discs show reduced apical level (A–A’) while the baso-

lateral levels were increased (B–B’). Scale bar 20 μm.

(TIF)

S3 Fig. Exocyst complex members are required for apical Wg secretion. (A) Extracellular

Wg staining on disc with Sec3 depletion in the posterior compartment show reduced apical

Wg, (A”) graph shows normalized mean intensity showing reduced levels of extracellular api-

cal Wg in the RNAi domain (N = 3). (B–B’) Enlarged region in A (marked with white box)

shows clonal expression of GFP. The GFP negative cells show normal levels of extracellular

Wg apically (B’, Arrow). (C–C”) The basolateral levels of the extracellular Wg were increased

in the sec3 RNAi expression domain; (C”) graph shows normalized mean intensity quantifica-

tion as above (N = 3). (D–D”) Extracellular Wg staining on discs with Sec15 depletion show

reduced apical Wg levels. (E–E”) While basolateral Wg levels were mildly increased in the pos-

terior sec15 RNAi compartment (D”–E”) Graph shows normalized mean intensity quantifica-

tion as above (N = 5). Scale bar 20 μm, error bars: s.d.

(TIF)

S4 Fig. Sec6 is not required in the receiving cells for transducing Wg signaling. (A–A”)

Control discs showing expression domain of ap-Gal4/UAS-GFP with Sens and Wg staining.

(B–B”) evi RNAi expressed with ap-GAL4 shows Wg accumulation in one (dorsal) row of pro-

ducing cells (B and B”) and Sens expression is still observed in the dorsal side of the DV

boundary (B’). (C–C”) Similarly Sec6 depletion shows Wg accumulation in dorsal row of cells

while Sens expression is observed. (D–D’) Sens staining on disc with sec6ex15 clones (in hetero-

zygous Minute background) in the Wg producing cells (yellow dotted line) show reduced Sens

expression around the clones (arrows). (E–E’) sec6ex15 clones in the Wg receiving cells (yellow

dotted line) shows expression of Sens (arrow). (F–F’) sec6ex15 clones show normal expression
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of Dll. Scale bar 20 μm. (N = 3 minimum).

(TIF)

S5 Fig. Temporal-Rescue shows apical secretion of Wg. en-Gal4, UAS-GFP/UAS-evi-
mCherry; tub-Gal80ts, evi2/ evi2 discs were kept at 18˚C until the third instar stage and then

shifted to 29˚C for 7 hours (h), 16h and 25h. Extracellular Wg staining was performed on these

discs. Panels in (A) show 7h expression of GFP (green) and Evi-mCherry (red), where low-

level expression of both GFP and Evi-mCherry can be seen (A, left panels). Extracellular Wg

staining shows higher levels of Wg at the apical side as compared to the basolateral (A, com-

pare right panels and also see the graph on the right). (B) Similarly, panels in B show another

example of 16h of expression (as also shown in Fig 4). Strong expression of GFP and Evi-

mCherry and higher levels of apical extracellular Wg compared to basolateral Wg were

observed. (C) Similarly, 25h after expression. Graphs show mean intensity of the extracellular

Wg staining across the dotted white line. (N = 3 minimum for each panel), AP = Anterior-Pos-

terior boundary, a.u. = arbitrary unit. Scale bar 20 μm.

(TIF)

S6 Fig. Temporal-Rescue of Wg secretion activates sens expression. (A–A””) 0 hour of Evi-

mCherry expression, where almost no expression of Evi-mCherry (red) and GFP (green) can

be observed (A–A’) and Wg accumulation in the posterior compartment of the evi2/evi2 discs

can still be observed (A”). Sens staining on these discs show no rescue of Sens expression near

DV boundary (A”’–A””). (B–B””) 7 hours after temperature shift where very weak expression

of Evi-mCherry and GFP is observed (B–B’), while total Wg still remained unchanged (B”)

and Sens expression at the DV boundary remained undetectable (B”’–B””). (C–C”) After 16

hours a strong expression of Evi-mCherry and GFP can be observed, moreover Wg accumula-

tion was rescued in the expression domain. (C”’–C””), Weak expression of Sens at the DV

boundary (posterior compartment) appears at 16 hours rescue. (D–D””) 25 hours of Evi

expression shows similar rescue of both Wg accumulation and Sens expression. N�3 wing

discs for each panel; Scale bar 20 μm.

(TIF)

S1 Table. In vivo RNAi screening results. The above shown genes were selected for in vivo
RNAi screen for Wg secretion. All RNAi lines (KK or GD) were crossed with wg-GAL4 and
crosses were kept at 25˚C. Adult wings were scored for notch phenotypes. Six out of eight exo-

cyst complex genes showed notch phenotype (marked in red) and they were identified as a

strong candidate for Wg secretion defect. One component (Sec10) was not contained in our

library and Exo70 did not give a phenotype.

(PDF)
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61. Panáková D, Sprong H, Marois E, Thiele C, Eaton S. Lipoprotein particles are required for Hedgehog

and Wingless signalling. Nature. 2005; 435: 58–65. https://doi.org/10.1038/nature03504 PMID:

15875013

Secretion of Wg requires the exocyst complex

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008351 September 17, 2019 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/8162860
https://doi.org/10.1016/s0092-8674(00)81991-1
http://www.ncbi.nlm.nih.gov/pubmed/8945511
https://doi.org/10.1126/science.7912449
https://doi.org/10.1126/science.7912449
http://www.ncbi.nlm.nih.gov/pubmed/7912449
http://www.ncbi.nlm.nih.gov/pubmed/8575321
https://doi.org/10.1242/dev.174789
http://www.ncbi.nlm.nih.gov/pubmed/31399474
https://doi.org/10.1016/s0092-8674(00)81438-5
https://doi.org/10.1016/s0092-8674(00)81438-5
http://www.ncbi.nlm.nih.gov/pubmed/9630221
http://www.ncbi.nlm.nih.gov/pubmed/9043068
https://doi.org/10.1016/0092-8674(93)90072-x
http://www.ncbi.nlm.nih.gov/pubmed/8440019
https://doi.org/10.1038/nature12879
http://www.ncbi.nlm.nih.gov/pubmed/24390349
https://doi.org/10.1038/emboj.2013.1
http://www.ncbi.nlm.nih.gov/pubmed/23353890
https://doi.org/10.1083/jcb.150.5.1101
https://doi.org/10.1083/jcb.150.5.1101
http://www.ncbi.nlm.nih.gov/pubmed/10973998
https://doi.org/10.1093/jb/mvx035
http://www.ncbi.nlm.nih.gov/pubmed/28992081
https://doi.org/10.1371/journal.pbio.0020158
https://doi.org/10.1371/journal.pbio.0020158
http://www.ncbi.nlm.nih.gov/pubmed/15252441
http://www.ncbi.nlm.nih.gov/pubmed/11239465
https://doi.org/10.1083/jcb.200510123
http://www.ncbi.nlm.nih.gov/pubmed/16606693
https://doi.org/10.1111/tra.12016
http://www.ncbi.nlm.nih.gov/pubmed/23035643
https://doi.org/10.1016/s0092-8674(01)00484-6
http://www.ncbi.nlm.nih.gov/pubmed/11551510
https://doi.org/10.1038/ncb2574
http://www.ncbi.nlm.nih.gov/pubmed/22983114
https://doi.org/10.1016/j.cell.2009.07.051
https://doi.org/10.1016/j.cell.2009.07.051
http://www.ncbi.nlm.nih.gov/pubmed/19837038
https://doi.org/10.1016/j.cell.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23260141
https://doi.org/10.1111/j.1600-0854.2008.00872.x
https://doi.org/10.1111/j.1600-0854.2008.00872.x
http://www.ncbi.nlm.nih.gov/pubmed/19207483
https://doi.org/10.1038/nature03504
http://www.ncbi.nlm.nih.gov/pubmed/15875013
https://doi.org/10.1371/journal.pgen.1008351


62. Mulligan KA, Fuerer C, Ching W, Fish M, Willert K, Nusse R. Secreted Wingless-interacting molecule

(Swim) promotes long-range signaling by maintaining Wingless solubility. Proc Natl Acad Sci U S A.

2012; 109: 370–377. https://doi.org/10.1073/pnas.1119197109 PMID: 22203956

63. Montagne J, Stewart MJ, Stocker H, Hafen E, Kozma SC, Thomas G. Drosophila S6 kinase: a regulator

of cell size. Science. 1999; 285: 2126–2129. https://doi.org/10.1126/science.285.5436.2126 PMID:

10497130

64. Thompson BJ, Cohen SM. The Hippo pathway regulates the bantam microRNA to control cell prolifera-

tion and apoptosis in Drosophila. Cell. 2006; 126: 767–774. https://doi.org/10.1016/j.cell.2006.07.013

PMID: 16923395

65. Kassis JA, Noll E, VanSickle EP, Odenwald WF, Perrimon N. Altering the insertional specificity of a Dro-

sophila transposable element. Proc Natl Acad Sci U S A. National Academy of Sciences; 1992; 89:

1919–1923. https://doi.org/10.1073/pnas.89.5.1919 PMID: 1311855

66. Dietzl G, Chen D, Schnorrer F, Su K-C, Barinova Y, Fellner M, et al. A genome-wide transgenic RNAi

library for conditional gene inactivation in Drosophila. Nature. 2007; 448: 151–156. https://doi.org/10.

1038/nature05954 PMID: 17625558

67. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-

ods. 2012; 9: 671–675. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

68. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, et al. CellProfiler: image analy-

sis software for identifying and quantifying cell phenotypes. Genome Biol. 2006; 7: R100. https://doi.

org/10.1186/gb-2006-7-10-r100 PMID: 17076895

Secretion of Wg requires the exocyst complex

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008351 September 17, 2019 19 / 19

https://doi.org/10.1073/pnas.1119197109
http://www.ncbi.nlm.nih.gov/pubmed/22203956
https://doi.org/10.1126/science.285.5436.2126
http://www.ncbi.nlm.nih.gov/pubmed/10497130
https://doi.org/10.1016/j.cell.2006.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16923395
https://doi.org/10.1073/pnas.89.5.1919
http://www.ncbi.nlm.nih.gov/pubmed/1311855
https://doi.org/10.1038/nature05954
https://doi.org/10.1038/nature05954
http://www.ncbi.nlm.nih.gov/pubmed/17625558
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
http://www.ncbi.nlm.nih.gov/pubmed/17076895
https://doi.org/10.1371/journal.pgen.1008351

