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In Hedgehog (Hh) signalling, Hh ligand concentration gradient is effectively translated into a spatially distinct transcriptional program to give precisely controlled context dependent developmental outcomes. In the absence of Hh, the receptor
Patched (Ptc) inhibits the signal transducer Smoothened (Smo) by maintaining low phosphatidylinositol 4-phosphate
(PI(4)P) levels. Binding of Hh to its receptor Ptc promotes PI(4)P production, which in turn activates Smo. Using wingdiscs of Drosophila melanogaster, this study shows that Synaptojanin (Synj), a dual phosphatase, modulates PI(4)P levels
and affects Smo activation, and thereby functions as an additional regulatory step in the Hh pathway. Reducing the levels of
Synj in the wing-discs caused enhancement of a Hh dominant gain-of-function Moonrat phenotype in the adult wings. Synj
downregulation augmented Hh signalling, which was associated with elevated PI(4)P levels and Smo activation. Synj did
not control the absolute pathway activity but rather ﬁne-tuned the response since its downregulation increased expression of
decapentaplegic (dpp), a low-threshold target of the pathway while the high-threshold targets remained unaffected. This is
the ﬁrst report that identiﬁes Synj as a negative regulator of Hh signalling, implying its importance and an additional
regulatory step in Hh signal transduction.
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1. Introduction
A limited number of highly conserved signalling pathways
are reiteratively used in different contexts during the
development of an organism. While many pathways are well
characterised at the level of their activation and biological
function, relatively little is known about how an individual
pathway is competent to elicit diverse outcomes in a context-dependent manner. The context-speciﬁcity needs to be
precisely balanced since it is crucial for distinct developmental outcomes (Housden and Perrimon 2014). Hedgehog
(Hh) signalling is one of the most studied signalling pathways and yet remains among the most enigmatic. Hh forms
a concentration gradient, which is effectively translated into
spatially distinct transcriptional programs. These speciﬁc
levels of pathway activity are caused due to regulation at
several levels (Briscoe and Thérond 2013; Pak and Segal
2016).
In a canonical version of this pathway, in the absence of
Hh ligand, Patched (Ptc) represses activity of Smoothened
(Smo). When Hh binds Ptc, signal transduction cascade
downstream of Smo is turned on (Van Den Heuvel and

Ingham 1996). It has been long postulated that Ptc inhibits
Smo through a lipid component (Ogden et al. 2004). In this
regard, the role of sterols (Strutt et al. 2001; Corcoran and
Scott 2006; Bidet et al. 2011; Nedelcu et al. 2013),
lipoprotein particles (Khaliullina et al. 2009) and phosphatidylinositol 4-phosphate (PI(4)P) (Yavari et al. 2011;
Chávez et al. 2015; Jiang et al. 2016) in Smo activation have
been demonstrated. In the absence of Hh, Sac1 phosphatase
(Sac1) is active which dephosphorylates PI(4)P thereby
reducing PI(4)P levels. In addition, Ptc binds to PI(4)P
making it inaccessible to Smo. When Hh binds Ptc, STT4
kinase (STT4) is activated leading to elevated levels of
PI(4)P. Ultimately Smo is activated upon interaction with
PI(4)P (Yavari et al. 2011; Jiang et al. 2016). If PI(4)P acts
as the activator, other enzymes capable of changing PI(4)P
levels could have a role in Smo regulation. The Hh gradient
results in sequential Smo phosphorylation for a graded
response (Su et al. 2011). However, it is unclear if such a
graded response is also a consequence of variable PI(4)P
levels. Since Hh functions as a concentration-dependent
morphogen, a more precise regulation of PI(4)P levels is
likely necessary.
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Synaptojanin (Synj), a dual phosphatase, was identiﬁed as
a regulator of Hh pathway in an RNAi screen for identifying
modulators of Hh signalling. The manuscript containing the
RNAi screen data is currently under preparation. This work
characterizes the role of Synj in Hh signalling. Synj, required
for synaptic vesicle endocytosis, has an N-terminal Sac1
domain, a central inositol 5-phosphatase domain and a
C-terminal proline-rich domain (Verstreken et al. 2003;
Mani et al. 2007). Sac1 domains are known to dephosphorylate PI(3)P, PI(4)P and PI(3,5)P2 (Guo et al. 1999). The
inositol 5-phosphatase domains dephosphorylate PI(4,5)P2,
PI(3,5)P2 and PI(3,4,5)P3 (Trésaugues et al. 2014). The Sac1
domain of Synj is essential for targeting it to the synapses
and the inositol 5-phosphatase domain is necessary for
PI(4,5)P2 hydrolysis (Dong et al. 2015). A recent study has
demonstrated that Sac1 domain of Synj is required for
macroautophagy at presynaptic terminals and it couples
protein turnover with synaptic vesicle cycling, linking
impaired presynaptic autophagy to Parkinson’s disease
pathology (Vanhauwaert et al. 2017). Synj function in any
system, other than neurons has not been demonstrated.
Here, the role of Synj in Hh signalling is demonstrated
using Drosophila wing-discs. Synj is a negative regulator of
Hh signalling and it regulates Smo via modulation of PI(4)P
levels. Moreover, Synj phosphatase function is not redundant to Sac1 phosphatase, but it rather adds another level of
regulation to Smo activation.

analyses. The RNAi line, Synji was validated for Synj
knockdown and speciﬁcity (supplementary ﬁgure 1).

2. Materials and methods

2.4

2.1

Wing-discs of third instar wandering larvae were dissected
and stained using standard methods. The following antibodies and dilutions were used in this study: mouse antibgalactosidase, 1:1000; rat anti-Ci (Ci-155), 1:50; mouse
anti-En, 1:200; mouse anti-Smo, 1:50; mouse anti-Ptc, 1:100
(DSHB); rabbit anti-Synj, 1:200 (kindly provided by Dr.
Hugo Bellen; (Verstreken et al. 2003)); mouse anti-PI(4)P,
1:100; mouse anti-PI(4,5)P2, 1:100 (Echelon). A modiﬁed
method for PI(4)P and PI(4,5)P2 immunostaining was
adopted from Jiang et al. (2016). Secondary antibodies from
Invitrogen were used in 1:500 dilution. Confocal imaging
was done using Carl Zeiss LSM 710 META confocal
microscope. Images were analysed, pseudo-coloured and
brightness/contrast linearly adjusted using Fiji and ﬁnal
ﬁgures were made using Photoshop without any image
manipulation. At least 10 wing-discs were imaged for each
genotype. For the dpp-lacZ, Smo and PI(4)P stainings, *30
wing-discs from three different crosses were analyzed. All
wing-discs demonstrated the phenotype shown in the representative image, unless mentioned otherwise. The ﬂuorescence intensity proﬁles were measured using the Plot
proﬁle option in Fiji. The values were then plotted using
Microsoft Excel.

Flies

Following lines were used for the study: knlacZ (Hersh and
Carroll 2005), hhlacZ/TM3,Sb (Kyoto stock centre #101646),
apterousGal4,UAS-GFP/CyO (apGal4,GFP)(Calleja et al.
1996), optomotor-blindGal4/FM7a (ombGal4) (personal
communication to Flybase, Calleja, 1996.10.16), ciGal4
(Croker et al. 2006), dppGal4 (Morimura et al. 1996),
enGal4 (personal communication to Flybase, Brand,
1997.6.30), hhGal4/TM6b,Tb (Tanimoto et al. 2000),
ptcGal4 (Brand and Perrimon 1993), MS1096Gal4
(Capdevila and Guerrero 1994). dpp-lacZ (#8412), Mrt/
TM3,Sb (#26166), ptci (#28795), UAS-ptc (#44614, #52213),
smoi (#27037, #53348), UAS-smo (#44620), UAS-smoM2
(#57637), SynjHMS01368 (Synji; #34378), mCherryi (#35785),
STT4i (#38242), sac1i (#56013) ﬂies were obtained from
Bloomington Drosophila Research Centre. UAS-eGFP-HASynj ﬂies were kindly provided by Prof. Tom Schwarz. Flies
were maintained at 25°C on standard cornmeal yeast agar.
Crosses were set up with 5 pairs of virgins and males at 25°C.
After 2 days, the crosses were ﬂipped into fresh vials and the
vials with eggs were transferred to 29°C. Larvae and adult
ﬂies from these 29°C vials were used for dissections and

2.2

Wing mounts

Adult ﬂies of the desired genotypes were collected in 50%
ethanol and serially dehydrated in 70%, 90% and 100%
ethanol for 1 h each. The ﬂies were then cleared overnight
in clove oil. Finally, wings were removed with forceps and
mounted in DPX mountant (MERCK Chemicals). Slides
were dried overnight and observed under Leica stereomicroscope and photographed using LAS EZ software. Minimum 50 wings from three different crosses were analysed
for each genotype. Images were cropped and ﬁnal
ﬁgures were made using Photoshop without any image
manipulation. All wings demonstrated the phenotype
shown in the representative image, unless mentioned
otherwise.

2.3

Statistics

The Mrt wing phenotypes were classiﬁed into 4 classes. The
distribution was assessed and signiﬁcance was calculated
using v2 test for comparing frequencies. Around 50 wings
were analysed for each genotype.

Immunohistochemistry
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2.5

Data availability

All data has been included in the paper and supplementary
material.

3. Results
3.1 Synj knockdown causes ectopic venation
and enhancement of a dominant Hh phenotype
Synj was identiﬁed as a regulator of Hh pathway in an
RNAi screen performed to identify modulators of Hh
signalling using a gain of function allele of hh i.e.
Moonrat (Mrt) (Ahaley, manuscript under preparation).
Synj downregulation in the wing-disc pouch region using
MS1096Gal4, which is expressed in wing pouch region
(supplementary ﬁgure 1a), led to ectopic venation
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particularly in the posterior compartment and it enhanced
the Mrt phenotype (ﬁgure 1a). Mrt is a dominant hh allele
and the adult Mrt wings show anterior duplications with
varied expressivity (Felsenfeld and Kennison 1995).
Modulation of the Mrt phenotype has been used previously to study the interaction with Hh pathway (Kim et al.
2014; Marada et al. 2016). Depending on the severity of
the wing phenotype, the Mrt wings were classiﬁed into 4
phenotypic categories – Class I: normal wings, Class II:
wings with minor and single vein defects, Class III: wings
with severe defects and multiple veins affected and Class
IV: wings with major anterior duplications (ﬁgure 1b). In
Mrt ﬂies, typically wings showed Class I, II and III
phenotypes with very few Class IV wings (ﬁgure 1c). Synj
knockdown caused marked enhancement of Mrt phenotype
since all the wings belonged to either Class III or IV
(ﬁgure 1c). This suggested a role for Synj in modulating
Hh signalling.

Figure 1. Synj knockdown causes ectopic venation and enhancement of a dominant Hh phenotype: (a) Synj downregulation in the wingdisc using MS1096Gal4 led to ectopic venation and an enhancement of Mrt phenotype. (b) Distribution of Mrt phenotypes into 4 classes
where Class I shows normal wings with all veins and inter-veins (ACV: anterior cross-vein and PCV: posterior cross-vein) marked, Class II
includes wings with one vein affected, Class III wings show ectopic venation near two veins and Class IV wings show severe anterior
outgrowths marked with an arrow. The vein deformations are marked with an arrowhead. (c) Quantitation of Mrt phenotypes upon mCherry
knockdown (control) and Synj knockdown. The enhancement of Mrt phenotype observed in MS1096Gal4;Synji/Mrt ﬂies was statistically
signiﬁcant as measured by v2 test (p = 1.7 9 10-39). (d) Synj knockdown wing phenotype with different Gal4 lines. Ectopic veins were
observed upon Synj knockdown with hhGal4 and ombGal4. Only 25% of wings showed slight ectopic venation around L2 with ciGal4. All
wing images have the dorsal side facing up.
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Figure 2. Synj knockdown results in increased dpplacZ and Smo levels. (a) Synj was knocked down in wing-discs using apGal4, marked
by GFP expression in grayscale, and expression of Hh target dpplacZ and Smo levels, marked in red, were assayed by
immunohistochemistry. Synji wing-discs were used as a control. The low threshold target dpplacZ showed increased levels along with
increased Smo staining in the dorsal compartment where Synj is knocked down. All wing-disc images are in the anterior left and dorsal
down orientation. (b) Fluorescence intensity proﬁles of Smo staining in the ventral vs dorsal compartment (boxes marked in (a)) are shown
in the graph.

The Synji line was validated by rescue experiments and
immunohistochemistry before further experiments (supplementary ﬁgure 1).
Synj knockdown was also tested with other wing-disc
speciﬁc Gal4 lines to delineate the compartment-speciﬁcity
of the venation phenotype. There was no phenotype upon
knockdown with anterior-posterior (AP) boundary speciﬁc
drivers, ptcGal4 or dppGal4 (supplementary ﬁgure 2).

Ectopic venation was observed in the posterior compartment upon knockdown with hhGal4 and in both the
compartments with ombGal4 (ﬁgure 1d). The wing phenotype observed with hhGal4 was not seen with enGal4
(supplementary ﬁgure 2). This may be because hhGal4 is a
weak mutant allele of Hh, but it has no visible phenotype
as a heterozygote (Ibrahim et al. 2013). Synj knockdown in
the anterior compartment with ciGal4 ﬂies showed ectopic
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Figure 3. Synj genetically interacts with Smo and Ptc. Overexpression of Smo in wing-discs using MS1096Gal4 resulted in slight ectopic
venation between L2 and L3 (arrowhead) and a marked enhancement of this phenotype was observed upon Synj knockdown. Conversely,
smoi phenotype resulted in decreased L3–L4 distance, which was partially rescued by Synj knockdown. Ptc overexpression lead to fusion
of region between L2–L5 and small wings. This phenotype was not affected upon Synj knockdown. Ptc knockdown resulted in increase in
L3–L4 distance, ectopic venation between L2–L3 (arrowhead) and minor L3 defects. Synj knockdown in this background led to a marked
enhancement mirroring the Smo overexpression phenotype. All wing images have the dorsal side facing up.

venation conﬁned to L2 with low penetrance (25%; ﬁgure 1d). This data indicates that Synj had no role at the AP
boundary i.e. between the L3 and L4 veins, the Hh
responsive region.

3.2 Synj knockdown leads to increased
decapentaplegic expression and Smo staining
As Hh signalling involves several molecular components
and is regulated at multiple levels, I sought to determine

the phase of signalling as well as identity of the individual
player that Synj modulates. To assess this, the expression
of Hh, its pathway components and Hh responsive genes
were examined upon Synj knockdown by immunohistochemistry using antibodies or lacZ reporter constructs.
Canton S ﬂies were used to depict wild-type staining
pattern of all components (supplementary ﬁgure 3a). Synj
was knocked down using apGal4,GFP in the dorsal
compartment, while the ventral compartment served as an
internal control. Likewise, Synji wing-discs were also
stained as controls (ﬁgure 2 and supplementary ﬁgure 4).
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Synj knockdown leads to increased PI(4)P levels.
(a) Synj was knocked down in wing-discs using apGal4, marked by
GFP expression in grayscale, and PI(4)P and PI(4,5)P2 levels,
marked in red, were assayed by immunohistochemistry. Synji wingdiscs were used as a control. Both PI(4)P and PI(4,5)P2 levels
increased upon Synj knockdown. Fluorescence intensity proﬁles of
PI(4)P (b) and PI(4,5)P2 (c) staining in the ventral vs dorsal
compartment (boxes marked in (a)) are shown in the graph.
(d) Synj was knocked down in wing-discs using apGal4, marked
by GFP expression, along with Sac1 or STT4 and PI(4)P levels
were assayed by immunohistochemistry. Synj knockdown in sac1i
background did not affect the PI(4)P levels. STT4i was unable to
reduce the elevated PI(4)P levels observed upon Synj knockdown.
All wing-disc images are in the anterior left and dorsal down
orientation.

b Figure 4.

Smo staining was performed in apGal4,GFP;Synji wingdiscs. Smo showed increased staining upon Synj knockdown (ﬁgure 2a). The ﬂuorescence intensities of Smo
staining from the ventral compartment and dorsal compartment were plotted for comparison. There was increased
Smo staining in the dorsal compartment which was more
pronounced in the anterior region (ﬁgure 2b). This increase
was slight but consistent and statistically signiﬁcant
(p = 6.9 9 10-4; supplementary table 1). This shows that
Synj knockdown affected dpplacZ, the low threshold target
of Hh possibly due to increased Smo levels. This increase
of dpplacZ levels was also observed upon overexpression
of Smo (supplementary ﬁgure 3b). Interestingly, Ptc levels
were not affected upon Synj knockdown (supplementary
ﬁgure 4). Taken together these data suggest that Synj likely
modulates Hh signalling at a step after Ptc inactivation
upon Hh binding but before activation of Smo dependent
signal transduction.

3.3

Figure 5. Model explaining the role of Synj in Hh signalling
(based on previously published data and results from this study)
Synj modulates PI(4)P levels thereby regulating Smo activation.

To assess the signiﬁcance of changes observed in staining
upon Synj knockdown, ﬂuorescence intensities in the
dorsal and ventral compartments were measured and the
dorsal/ventral ratios were calculated and compared
between apGal4,GFP;Synji and Synji wing-discs (supplementary methods). Hh expression was unaffected upon
Synj knockdown (supplementary ﬁgure 4). Consistently,
the high threshold targets of Hh viz. knot (kn) using knlacZ line, Engrailed (En) and Ptc appeared to be unaltered
in apGal4,GFP;Synji wing-discs (supplementary ﬁgure 4).
By contrast, the low threshold target, decapentaplegic
(dpp) as observed by dpplacZ staining showed a statistically signiﬁcant (p = 8.1 9 10-4) increased expression in
the dorsal compartment (ﬁgure 2a and supplementary
table 1). Curiously however, the level of the transcriptional mediator Cubitus interruptus (Ci), as judged by
antibody staining, was found to be comparable to control
samples (supplementary ﬁgure 4). This indicates that Synj
downregulation affects only the low threshold target of
Hh.
The cell interprets the Hh signal via phosphorylation and
activation of the signal transducer Smo which further leads
to expression of Hh targets (Su et al. 2011). Therefore,
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The previous data indicated that Synj could impact Hh signalling by modulating Smo function. A genetic approach was
employed to address this. Since downregulation of Synj using
MS1096Gal4 led to ectopic venation, I overexpressed or
downregulated Smo or Ptc in this background to evaluate
possible epistatic interactions. Overexpression of Smo using
MS1096Gal4 caused a slight ectopic venation at the proximal
region between L2 and L3 veins. This was further enhanced
upon Synj knockdown with a lot of ectopic vein material also
seen between L4 and L5 (ﬁgure 3). Similar results were
obtained with the constitutively active form of Smo (SmoM2)
(supplementary ﬁgure 5). Conversely, downregulation of
Smo using MS1096Gal4 resulted in reduction of the distance
between L3 and L4 (ﬁgure 3). As expected, this was rescued
partially in *50% wings by Synji resulting in increased distance between L3 and L4 in adult wings as opposed to smoi
alone (ﬁgure 3).
Similar experiments were repeated with Ptc, the receptor
upstream of Smo in Hh signalling. Overexpression of Ptc
led to complete loss of region between veins L2 and L4
(ﬁgure 3). Also, the wing size was reduced. MS1096Gal4;UAS-ptc/Synji wings were exactly like those of
MS1096Gal4;UAS-ptc (ﬁgure 3). Furthermore, downregulation of Ptc led to increase in distance between L3 and L4,
slight ectopic venation between L2 and L3 and some loss
of L3 (ﬁgure 3). Synji in this background resulted in
enhanced ectopic venation similar to that of Smo overexpression (ﬁgure 3). These results demonstrate that Synj
downregulation enhances the Smo overexpression phenotype. This strengthens the Smo staining data. Moreover, the
Ptc overexpression data also conﬁrms that Synj is downstream of Ptc.
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Synj modulates PI(4)P levels

Next step was to assess the mechanism by which Synj regulates Smo. Synj is a phosphatase capable of catalysing the
reaction from PI(4,5)P2 to PI(4)P and from PI(4)P to PI (Guo
et al. 1999; Mani et al. 2007). Ptc inhibits Smo through
regulation of PI(4)P levels (Yavari et al. 2011; Jiang et al.
2016). When Ptc is inhibited by Hh binding, PI(4)P levels
increase and enhanced association results in Smo activation
(Yavari et al. 2011; Jiang et al. 2016). Therefore the ﬁrst line
of investigation was to examine the PI(4)P levels upon Synj
knockdown. The PI(4)P and PI(4,5)P2 levels in
apGal4,GFP;Synji wing-discs were investigated by
immunohistochemistry. Increased PI(4)P and PI(4,5)P2
levels were observed in the dorsal compartment upon Synj
knockdown (ﬁgure 4a). PI(4)P staining in wild-type wingdiscs showed a pattern as expected, with more PI(4)P in the
posterior compartment and lower levels in the anterior
compartment (ﬁgure 4a). This staining pattern was same as
that of Smo (compare ﬁgure 4a with ﬁgure 2a)(Jiang et al.
2016). Conversely, the PI(4,5)P2 levels showed a reverse
staining pattern as compared to PI(4)P levels where the
staining was more in the anterior compartment than the
posterior compartment (ﬁgure 4a). The ﬂuorescence intensity measurements for PI(4)P and PI(4,5)P2 levels in the
dorsal versus ventral compartments showed the relative
increase (ﬁgure 4b and supplementary table 1). Thus, Synj
regulates PI(4)P levels in the wing-discs.
Next aim was to evaluate the role of Synj with respect to
Sac1 and STT4. To know if the phosphatase activity of Synj is
redundant to that of Sac1, a rescue experiment was performed.
MS1096Gal4;UAS-sac1i larvae die at a late pupal stage and
this lethality could not be rescued upon Synj overexpression.
Moreover, apGal4,GFP;Synji/sac1i wing discs showed
PI(4)P staining comparable to sac1i (data not shown) or Synji
alone (ﬁgure 4c). The PI(4)P levels in apGal4,GFP;sac1i
wing discs can be reduced by STT4i (Yavari et al. 2011). Such
rescue is not seen in apGal4,GFP;Synji/STT4i wing discs
(ﬁgure 4c). This data indicates regulation of Smo by Synj is
not redundant to that of Sac1 phosphatase. There is marked
Smo activation and increased dpplacZ expression upon Sac1
knockdown (Yavari et al. 2011). However, these increases are
not so pronounced upon Synj knockdown (ﬁgure 2). This
points to an additional level of Smo regulation by varying
PI(4)P levels (ﬁgure 5).

4. Discussion
This study identiﬁes Synj as a regulator of Hh signalling
using Drosophila wing discs. Synj knockdown increases
PI(4)P levels. This affects Smo activation inﬂuencing the
low threshold target Dpp, but the high threshold targets
remain unaltered.

Synj has been studied exclusively with respect to its role
in endocytic vesicle recycling in neurons (Verstreken et al.
2003; Dickman et al. 2005; Dong et al. 2015). The
enhancement of Mrt phenotype clearly indicates the
involvement of Synj in Hh signalling (ﬁgure 1a and c). Also,
Synj knockdown results in ectopic venation phenotype
which does not manifest between L3 and L4 veins, the
region responsive to Hh signalling but the ectopic venation
is observed between L2-L3 and L4-L5 veins (ﬁgure 1a and
d), region responsive to Dpp signalling. While it can be
speculated that the ectopic venation phenotype caused by
Synj downregulation is due to increased Dpp signalling
(Blair 2007), this study does not demonstrate it. Moreover,
this study concentrated on Hh signalling and the possibility
of the involvement of Synj in any other signalling pathway
or the reasons for venation defects has not been addressed
here. This is not a ﬁrst report of a Hh pathway related gene
that causes ectopic venation. Overexpression of a gene
downstream of Smo, Gai results in ectopic venation between
L2 and L3 along with increased distance between L3 and L4
(Ogden et al. 2008). However, Synj knockdown did not
affect the wing region between L3-L4. Thus, Synj may ﬁnetune Hh signalling where there is no Ptc activity regulating
Smo activation.
Synj knockdown results in Smo activation as observed
by Smo staining (ﬁgure 2a) and genetic interactions (ﬁgure 3). There is increased dpplacZ expression upon Synj
knockdown (ﬁgure 2a). Smo overexpression is known to
cause ectopic dpplacZ expression (Jia et al. 2004). The
non-endocytic role of Synj in Drosophila wing-discs or any
other cells has not been demonstrated. So in wild-type
wing-discs, Synj may be causing the endocytosis of Smo
thereby attenuating Hh signalling, but if endocytosis per se
is disturbed, Synj knockdown should result in increased
Delta (Parks et al. 2000) and Wingless (Wg) (Strigini and
Cohen 2000) staining due to reduced endocytosis of the
ligands (Piddini and Vincent 2003). However, Delta and
Wg staining pattern remained unchanged upon Synj
knockdown (supplementary ﬁgure 6). One may argue that
Synj function is speciﬁc to Smo endocytosis. To test this,
mitotic clones of Synj mutants, synj1 and synj2, in the wingdiscs were assessed for Smo accumulation. synj1 is a
nonsense mutation which truncates the protein at amino
acid 460 which leads to a protein that contains only Sac1
domain and synj2 is a missense mutation which causes
G-to-D substitution at amino acid 65 (supplementary ﬁgure 6) (Verstreken et al. 2003). These mutants are endocytosis deﬁcient, yet the mitotic clones did not show any
Smo accumulation as observed by immunohistochemistry
(supplementary ﬁgure 6), suggesting that perhaps the
endocytic function of Synj is not responsible for Smo
accumulation. Moreover, increases in PI(4)P and PI(4,5)P2
levels upon Synj downregulation indicate a catalytic role
(ﬁgure 4a).
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It is possible that other phosphatidylinositol phosphates
are affected upon Synj knockdown, but since PI(4)P levels
are of physiological relevance to Smo regulation, only
PI(4)P and PI(4,5)P2 levels were analyzed. It would be
expected that the PI(4,5)P2 levels should increase upon Synj
knockdown. However, both PI(4)P and PI(4,5)P2 levels
increased when Synj was downregulated (ﬁgure 4a) implying the involvement of other enzymes which are involved in
the hydrolysis of PI(4,5)P2 (Balakrishnan et al. 2015). In
vertebrates, polyphosphate 5-phosphatase E (INPP5E) is
responsible for accumulation of PI(4)P impinging upon HH
signalling (Chávez et al. 2015; Garcia-Gonzalo et al. 2015).
There are many more enzymes that can result in increased
PI(4)P levels with PI, PI(3,4)P2 or PI(4,5)P2 as substrates
(Balakrishnan et al. 2015). It remains to be seen if any of
them regulate Hh signalling.
What is the role of Synj with respect to Sac1 and STT4?
The phosphatase activity of Synj is not redundant to that of
Sac1 because MS1096Gal4;UAS-sac1i pupal lethality could
not be rescued upon Synj over-expression and the PI(4)P
levels in apGal4,GFP;sac1i wing discs which can be
reduced by STT4i (Yavari et al. 2011) are not rescued in
apGal4,GFP;Synji/STT4i wing discs (ﬁgure 4c). In addition
to regulation by Sac1 and STT4, Smo is also regulated by
Synj in an additional regulatory step. There is marked Smo
activation and increased dpplacZ expression upon Sac1
knockdown (Yavari et al. 2011). However, these increases
are not so pronounced upon Synj knockdown (ﬁgure 2).
This indicates that Smo response to PI(4)P may possibly be
graded (ﬁgure 5).
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Chávez M, Ena S, Van Sande J, de Kerchove d’Exaerde A,
Schurmans S and Schiffmann SN 2015 Modulation of ciliary
phosphoinositide content regulates trafﬁcking and Sonic hedgehog signaling output. Dev. Cell 34 338–350
Corcoran RB and Scott MP 2006 Oxysterols stimulate Sonic
hedgehog signal transduction and proliferation of medulloblastoma cells. Proc. Natl. Acad. Sci. 103 8408–8413
Croker JA, Ziegenhorn SL and Holmgren RA 2006 Regulation of
the Drosophila transcription factor, Cubitus interruptus, by two
conserved domains. Dev. Biol. 291 368–381
Dickman DK, Horne JA, Meinertzhagen IA and Schwarz TL 2005
A slowed classical pathway rather than kiss-and-run mediates
endocytosis at synapses lacking synaptojanin and endophilin.
Cell 123 521–533
Dong Y, Gou Y, Li Y, Liu Y and Bai J 2015 Synaptojanin
cooperates in vivo with endophilin through an unexpected
mechanism. Elife 2015 e05660
Felsenfeld AL and Kennison JA 1995 Positional signaling by
hedgehog in Drosophila imaginal disc development. Development 121 1–10
Garcia-Gonzalo FR, Phua SC, Roberson EC, Garcia G, Abedin M,
Schurmans S, Inoue T and Reiter JF 2015 Phosphoinositides
regulate ciliary protein trafﬁcking to modulate Hedgehog
signaling. Dev. Cell 34 400–409
Guo S, Stolz LE, Lemrow SM, York JD and Carolina N 1999
SAC1-like domains of yeast SAC1, INP52, and INP53 and of
human Synaptojanin encode polyphosphoinositide phosphatases. J. Biol. Chem. 274 12990–12995
Hersh BM and Carroll SB 2005 Direct regulation of knot gene
expression by Ultrabithorax and the evolution of cis-regulatory
elements in Drosophila. Development 132 1567–1577
Housden BE and Perrimon N 2014 Spatial and temporal organization of signaling pathways. Trends Biochem. Sci. 39 457–464
Ibrahim DM, Biehs B, Kornberg TB and Klebes A 2013
Microarray comparison of anterior and posterior Drosophila
wing imaginal disc cells identiﬁes novel wing genes. G3
(Bethesda) 3 1353–1362
Jia J, Tong C, Wang B, Luo L and Jiang J 2004 Hedgehog
signalling activity of Smoothened requires phosphorylation by
protein kinase-A and casein kinase I. Nature 432 1045–1050

876

Shital Sarah Ahaley

Jiang K, Liu Y, Fan J, Zhang J, Li XA, Evers BM, Zhu H and Jia J
2016 PI(4)P promotes phosphorylation and conformational
change of Smoothened through interaction with its C-terminal
tail. PLoS Biol. 14 e1002375
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