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Introduction

As postmitotic cells with an extended morphology and life 
span, neurons are especially sensitive to cellular insults that re-
sult in the accumulation of damaged proteins and organelles. 
Macroautophagy, herein referred to as autophagy, is an essen-
tial cellular process that functions to promote cellular homeo-
stasis and is critical in neurons for clearing cellular debris and 
maintaining synaptic function and cell health. Indeed, defects 
in autophagy have been linked to several neurodegenerative dis-
orders, including Alzheimer’s disease (Nixon et al., 2005) and 
amyotropic lateral sclerosis (Ikenaka et al., 2013).

Autophagy gives rise to the formation of a vesicular 
double-membrane organelle, termed the autophagosome, 
that encapsulates a portion of the cytoplasm along with dam-
aged proteins and organelles (Meléndez and Neufeld, 2008; 
Mizushima et al., 2010). The eventual clearance of autophago-
somes and their engulfed contents is mediated by cytoplasmic 
dynein, the retrograde molecular motor that delivers autophago-
somes to their sites of fusion with lysosomes (Ravikumar et al., 
2005; Kimura et al., 2008; Maday et al., 2012; Xu et al., 2013). 
Fusion of the autophagosome with the lysosome forms an acid-
ified hybrid organelle, the autolysosome, in which degradation 
of the engulfed contents of the autophagosome occurs.

Autophagosomes accumulate in the neurons of neuro-
degenerative disease patients (Nixon et al., 2005; Ikenaka et 
al., 2013), suggesting that a defect in proper autophagosome 
clearance may contribute to disease progression. Indeed, in 
Drosophila melanogaster, when autophagosome–lysosome fu-
sion is defective, autophagosomes accumulate in neurons, and 
these animals have locomotor defects and decreased life spans 
(Takáts et al., 2013). Collectively, these results suggest that au-
tophagosome clearance is crucial for neuronal function. How-
ever, the mechanisms that regulate autophagy in neurons are not 
well understood. In particular, given the unique morphology of 
neurons, there is considerable interest in identifying the reg-
ulatory machineries involved in the targeting, attachment, and 
cytoskeletal transport of autophagosomes.

Scaffolding and adaptor proteins have emerged as key 
regulators of motor-driven organelle transport along microtu-
bules, often acting to physically link motors and their cargoes 
(Schlager and Hoogenraad, 2009; Fu and Holzbaur, 2014). 
Scaffolding proteins can provide an additional level of regu-
lation through their association with posttranslational protein 
modifiers, such as kinases and phosphatases (Yasuda et al., 
1999; Kelkar et al., 2000; Willoughby et al., 2003; Horiuchi et 
al., 2007). The tethering of kinase and phosphatase activities to 
scaffold complexes provides a mechanism by which the motors, 
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cargo attachments, and directed transport can be locally regu-
lated. Using the strength of Drosophila genetics, we identify 
in this study a scaffolding protein, connector of kinase to AP-1 
(CKA), as a new regulator of axonal transport.

CKA is homologous to the striatin family of proteins in 
mammals (Chen et al., 2002). CKA and striatin proteins are 
regulatory subunits of the serine/threonine phosphatase protein 
phosphatase 2A (PP2A). In addition, they are scaffolding pro-
teins for the striatin-interacting phosphatase and kinase (STR 
IPAK) complex (Goudreault et al., 2009; Ribeiro et al., 2010). 
The STR IPAK complex is a large molecular complex that is 
highly conserved from fungi to humans and contains PP2A 
and typically a sterile-20 kinase. PP2A is a holoenzyme con-
sisting of a catalytic subunit, a structural subunit, and a reg-
ulatory subunit. Although the structural subunit provides the 
linkage between the catalytic and regulatory subunits, the regu-
latory subunit controls the subcellular localization or substrate 
specificity of the phosphatase activity. The core components 
of the mammalian STR IPAK complex are striatin family pro-
teins (PP2A regulatory subunits), a PP2A catalytic subunit, a 
PP2A structural subunit, Mps one binder kinase activator-like 
3 (Mob3), cerebral cavernous malformation 3 (Ccm3), striatin- 
interacting proteins 1 and 2 (STR IP1/STR IP2), and the ger-
minal center kinase III (GckIII) subfamily of kinases MST4, 
STK24, and STK25 (Goudreault et al., 2009; Kean et al., 2011). 
The STR IPAK complex is conserved in Drosophila, and its 
core components consist of CKA (the sole striatin protein), mi-
crotubule star (Mts; the sole PP2A catalytic subunit), PP2A at 
29B (Pp2A-29B; the sole PP2A structural subunit), Mob4 (or-
thologue of Mob3), Ccm3, Strip (orthologue of STR IP1), and 
GckIII (Ribeiro et al., 2010). In addition to the core compo-
nents, the STR IPAK complex contains a less well-characterized 
set of STR IPAK-associated proteins, some of which appear to 
be mutually exclusive (Goudreault et al., 2009; Ribeiro et al., 
2010; Hyodo et al., 2012; Couzens et al., 2013). Reflective of 
the variation in protein compositions, striatins and related STR 
IPAK complexes have been connected to multiple clinical con-
ditions, including autism, cerebral malformation, cardiac dis-
ease, cancer, and diabetes (Hwang and Pallas, 2014).

In the present study, we identify and characterize the role 
of CKA and the STR IPAK complex in axonal transport. Similar 
to dynein depletion, reducing CKA or STR IPAK components 
disrupts autophagosome transport in motoneurons. We find that 
CKA is present in a complex with dynein, and binds directly to 
the autophagosomal membrane protein Atg8a. We show that the 
STR IPAK components CKA, Mob4, and Strip also participate 
in the transport of dense core vesicles (DCVs), but not mito-
chondria. This transport is dependent on the association of the 
phosphatase PP2A with CKA. Our findings demonstrate that a 
STR IPAK complex functions to regulate the transport of a sub-
set of organelles important for both protein/organelle turnover 
and neuronal signaling, and that CKA’s function within the ner-
vous system is essential for locomotion and viability.

Results

Dynein depletion disrupts autophagosome 
distribution in neurons
To study the transport of autophagosomes in an intact nervous 
system, we used Drosophila larval motoneurons with estab-
lished and stereotyped synaptic connections (Fig.  1  A). We 

monitored the distribution of autophagosomes using the auto-
phagy-related protein, Atg8a. Atg8a, homologous to LC3 in 
mammals, is a cytoplasmic protein that upon autophagy induc-
tion is covalently linked to phosphatidylethanolamine (PE) on 
autophagosomal membranes (Mauvezin et al., 2014; Shibutani 
and Yoshimori, 2014). To specifically label autophagosomes, we 
expressed a dual-tagged mCherry (mCh)-GFP-Atg8a protein 
(Takáts et al., 2013) in motoneurons using the driver Ok6-Gal4. 
Autophagosomes can be identified by the presence of both GFP 
and mCh fluorophores of this marker, whereas upon autophago-
some–lysosome fusion the hybrid organelles become acidified, 
quenching the GFP fluorescence (Kimura et al., 2007). Within 
motoneurons, we observed both a cytoplasmic and punctate 
autophagosomal distribution of Atg8a. We found that autopha-
gosome punctae (punctae double labeled with mCh and GFP) 
were present in the synaptic terminals of motoneurons (Fig. 1, 
B–B’’), but were rarely found within the cell bodies (Fig.  1, 
D–D’’). However, when lysosomal acidification was blocked by 
the depletion of a V-ATPase subunit, resulting in defective au-
tolyosomes (Mauvezin et al., 2015), we observed a significant 
increase in the number of punctae in the cell body (Fig. 1, E–E’’) 
but only a minor increase at synaptic terminals (Fig. 1, C–C’’; 
and Fig. S1 A). These results suggest that autophagic vesicles 
acidify en route to the cell body. The distribution differences we 
see in these in situ experiments are similar to those reported for 
cultured dorsal root ganglion neurons (Maday et al., 2012). Our 
results suggest that autophagosomes that form at the synaptic 
terminals in Drosophila motoneurons in situ are transported to-
ward the cell body and acidify as they move retrogradely.

To determine whether the minus end molecular motor 
complex cytoplasmic dynein mediates the transport of auto-
phagosomes in Drosophila motoneurons, we monitored Atg8a 
localization when dynein was depleted. We observed that de-
pletion of dynein subunits resulted in the accumulation of au-
tophagosomes within the most distal bouton (terminal bouton) 
of synaptic terminals (dynein heavy chain 64c subunit RNAi; 
Fig. 1 G). In contrast, in control synaptic terminal autophago-
somes were present but did not accumulate within terminal bou-
tons of synaptic terminals at steady state (Fig. 1, B and F). To 
directly test whether the punctae that accumulate when dynein 
is depleted are autophagosomes, we simultaneously depleted 
dynein and disrupted the function of the autophagosome initi-
ator kinase Atg1 by expression of a dominant-negative protein 
(Atg1 K38Q; Scott et al., 2007). We found that this significantly 
decreased the accumulation of autophagosomes (Fig. 1, H–J). 
Expression of dominant-negative Atg1K38Q alone shows a cy-
toplasmic distribution of Atg8a (Fig.  1  I). Collectively, these 
results support the role of the dynein motor complex in autopha-
gosome transport for fusion with lysosomes.

Identification of CKA and its role in 
autophagic vesicle distribution at 
the synapse
We conducted an RNAi screen for Drosophila orthologues of 
human proteins that identified candidate regulators of auto-
phagosome transport in neurons (see Materials and methods). 
Among the candidate proteins recovered was CKA, an ortho-
logue of the mammalian striatin proteins (Chen et al., 2002). In 
humans, there are three striatin proteins, Striatin (Strn), Striatin 
3 (Strn3, also known as SG2NA), and Striatin 4 (Strn4, also 
known as Zinedin), which are predominantly expressed in the 
brain (Castets et al., 2000). In Drosophila, zygotic Cka-null 
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Figure 1. Autophagosomes in Drosophila motoneurons in situ concentrate at synaptic terminals and are transported by dynein. mCh-GFP-Atg8a protein was ex-
pressed in motoneurons using the Ok6-Gal4 driver to observe the distribution of autophagosomes. (A) Diagram of the larval prep with the approximate location of 
motoneuron cell bodies, the NMJ at muscle 4, and the axon connecting the cell body and NMJ. (B–B’’) Autophagosomes (double labeled with mCh and GFP) are 
observed in synaptic terminals of control larvae. (C–C’’) When lysosomal acidification is blocked (Vha26 RNAi), autophagosomes and defective autolysosomes are 
observed in synaptic terminals. The regions boxed in B’’ and C’’ are shown magnified to the right of the images. (D and E) Autophagosomes were rarely observed 
in cell bodies of motoneurons (D–D’’), but defective autolysosomes were observed in cell bodies when lysosomal acidification is blocked (E–E’’). (F and G) Synaptic 
terminals of controls did not accumulate autophagosomes within terminal boutons (F and F’), whereas autophagosomes accumulated when dynein was depleted 
(G and G’). The accumulation of autophagosomes is indicated by the arrow in the inset in G. Terminal boutons within the synaptic terminal are indicated by white 
arrowheads in F and G. (H and H’) Disruption of the autophagy initiator kinase Atg1 largely suppressed the accumulation of autophagosomes in terminal boutons 
when dynein was depleted. (I and I’) Autophagosome punctae are rarely present when Atg1 function is disrupted. The boxes in F’, G’, H’, and I’ are shown mag-
nified as insets. (J) Percentage of terminal bouton volume occupied by autophagosomes. Data represent the mean and SEM. n, number of terminal boutons scored. 
Unpaired, two-tailed t test result: ***, P < 0.0001. Bars in magnified images and insets are 2 µm; all others are 10 µm.
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mutants are pupal lethal (Chen et al., 2002), and we find that 
RNAi depletion of CKA specifically in neurons has a similar or 
earlier lethal developmental phase. Similar to dynein depletion, 
RNAi-mediated depletion of CKA in Drosophila motoneu-
rons resulted in the accumulation of autophagosomes in termi-
nal boutons (Fig. 2 A).

To quantify the transport defects that follow CKA deple-
tion, UAS-mCh-Atg8a was expressed with the D42-Gal4 neu-
ronal driver, and synaptic terminals of neuromuscular junction 
4 (NMJ4) were imaged by confocal microscopy. We scored 
changes in the number of terminal boutons that exhibited ac-
cumulations of autophagic vesicles after the depletion of CKA. 
We compared a control, four independent Cka RNAi lines, a 
sequence-specific RNAi off-target control (C911; Mohr et al., 
2014), and homozygous Cka2-null mutant animals (Chen et 
al., 2002). Depletion of CKA increased the percentage of ter-
minal boutons that exhibit autophagic vesicle accumulation 
as compared with controls (Fig. 2 B). Interestingly, all of the 
Cka RNAi lines had a stronger accumulation phenotype than 
the homozygous Cka2-null mutant. However, when we ana-
lyzed larval brains by Western blot, we found that the homo-
zygous Cka2-null mutants expressed more CKA protein than 
RNAi-depletion animals (Fig.  2  C). By Western blot, we ob-
served at least three bands that may correspond to specific 

protein isoforms (Fig. S1 B) or may represent posttranslational 
modifications. In addition, most of the CKA protein in larval 
brains derives from neurons, not from glia, as RNAi depletion 
of CKA in glia had little impact on CKA levels in the brain 
(Fig. S1 C). We therefore inferred that perdurance of maternally 
loaded Cka mRNA contributes to the weaker accumulation 
phenotype in the motoneurons of Cka2 mutants. The observed 
differences in levels of CKA protein in Cka2 and Cka RNAi 
neurons suggest that an RNAi approach to gene identification 
may be more informative than a mutant clonal analysis in cer-
tain cell types such as neurons. Collectively, our observations 
support the notion that neuronal CKA protein regulates axonal 
autophagosome transport, and specifically the retrograde traffic 
from the synaptic terminal to the cell body.

CKA regulates autophagosome transport
To directly determine whether CKA depletion influences au-
tophagosome transport, we performed live imaging of auto-
phagosomes in motoneurons. mCh-GFP-Atg8a was expressed 
with M12-Gal4, which drives expression in two closely apposed 
motoneurons per segmental nerve (Xiong et al., 2010). Auto-
phagosome motility was monitored in the mid-axon region of 
the two motoneurons. To selectively monitor autophagosomes, 
not autolysosomes, we tracked only organelles marked by the 

Figure 2. CKA modulates autophagosome 
transport. (A) Few autophagosome punctae 
were found in terminal boutons of control 
animal synaptic terminals, whereas autopha-
gosomes accumulated in terminal boutons of 
animals depleted of CKA specifically in mo-
toneurons by RNAi expression. Bar, 5 µm. 
(B) Quantification of autophagic vesicle (AV) 
accumulation in terminal boutons of NMJ4 for 
controls (dicer2 and a C911 sequence-specific 
off-target) and CKA loss of function. n, number 
of terminal boutons. Berger’s unconditional 
exact test results: *, P < 0.05; **, P < 0.005; 
ns, not significant. (C) A Western blot of larval 
brains from Cka2 homozygotes, CKA-depleted 
animals (elav-Gal4>Cka-RNAi-A, UAS-dicer2), 
and controls (elav-Gal4>dicer2). The graph 
shows the ratio of CKA to α-tubulin in Cka2 ho-
mozygotes and CKA-depleted animals normal-
ized to controls set at 1.0. Data represent the 
mean and SEM of three separate experiments. 
IB, immunoblot. Paired, one-tailed t test results: 
*, P < 0.05; **, P < 0.005; ***, P ≤ 0.0001.
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GFP fluorescence of the mCh-GFP-Atg8a protein. In doing so, 
we found that there are strikingly few autophagosomes pres-
ent within the mid-axon region of motoneurons (mean 1.0/axon 
pair in 2.5 min/108.36 µm; Fig. S2 A). To increase the number 
of autophagosomes for quantification, we used a mutation in 
syntaxin17 (syx17LL), an autophagosomal SNA RE protein re-
quired for fusion with late endosomes/lysosomes. Blocking 
autophagosome–lysosome fusion increased the number of au-
tophagosomes within the mid-axon region (mean 3.1/axon pair 
in 2.5 min/108.36 µm; Fig. S2 A). Interestingly, we found that 
autophagosomes in Drosophila motoneurons retained motility in 
the syntaxin17 homozygous mutant background and exhibited 
motility dynamics similar to heterozygous syx17LL/+ controls 
(Fig. S2 B). This is in contrast to studies in cultured dorsal root 
ganglion neurons, where autophagosomes are largely immotile 
after the depletion of syntaxin17 (Cheng et al., 2015). In the 
syx17LL/syx17LL genetic background in Drosophila, autophago-
somes moved predominately in a retrograde fashion (88.8%), 
whereas very few moved anterograde (1.7%) or were stationary/
nonprocessive (9.5%; Fig. 3, A and C). We observed a reduction 
in the number of autophagosomes in the axon after the deple-
tion of either CKA or dynein in the syx17LL mutant background 
(Fig. S2 A). Futhermore, when CKA was depleted in the syx17LL 
mutant background using two independent RNAi lines, we ob-
served a reduction in the percentages of retrograde autophago-
somes (63.5% and 55%) and an increase in the percentages of 
anterograde (5.4% and 7.7%) and stationary/nonprocessive au-
tophagosomes (31% and 36%; Fig. 3, A and C). A qualitatively 
similar but more pronounced effect was observed when dynein 
was depleted in the syx17LL mutant background. The percentage 
of retrograde autophagosomes was diminished (24.6%), whereas 
the percentages of anterograde (7.7%) and stationary/nonproces-
sive autophagosomes (67.8%) were increased (Fig. 3 A). The 
retrograde flux of autophagosomes through the axon was signifi-
cantly decreased when CKA or dynein was depleted (Fig. 3 B), 
whereas anterograde flux was only slightly increased (Fig. S2 
C). These results demonstrate that CKA regulates autophago-
some motility and does so in a manner similar to dynein. To 
assess whether CKA may function locally on autophagosomes, 
we asked whether a BFP-CKA protein colocalized with auto-
phagosomes. We observed cotransport of BFP-CKA with GFP-
Atg8a–labeled autophagosomes (Fig. 3 D), suggesting that CKA 
functions locally on autophagosomes to regulate their motility.

CKA forms a complex with dynein
To understand how CKA might regulate dynein-mediated trans-
port of autophagosomes, we asked whether CKA resides in a 
complex with dynein. We found that GFP-CKA can bind and 
coimmunoprecipitate with endogenous dynein from cultured 
Drosophila cell extracts (Fig. 4, A and B). In addition, we show 
that endogenous Strip, a core component of STR IPAK, also co-
immunoprecipitated with dynein (Fig.  4 C). Drosophila Strip 
directly binds to P150/Glued (Sakuma et al., 2014), which is 
a subunit of dynactin, an accessory complex to dynein. Poten-
tially, CKA is in a complex with dynein/dynactin through its in-
teraction with Strip. Previous work in mammalian cell extracts 
demonstrated that STR IPAK components complexed with cyto-
plasmic dynein (Goudreault et al., 2009), suggesting that these 
interactions are conserved across species. Collectively, these re-
sults suggest a molecular complex containing STR IPAK com-
ponents is involved in the dynein/dynactin-mediated regulation 
of autophagosome transport.

CKA binds to Atg8 through a conserved 
LC3-interacting region (LIR) motif
We hypothesized that CKA functions as an adaptor protein in au-
tophagosome transport, binding both the dynein motor complex 
and the autophagosome. In this model, Atg8a, an outer mem-
brane protein of autophagosomes, mediates the CKA interac-
tion. To test whether CKA links to autophagosomes by binding 
Atg8a, we conducted in vitro pull-down assays using bacterially 
expressed CKA protein and a GST-Atg8a fusion protein (or GST 
as a negative control). We found that the purified, full-length 
CKA bound directly to GST-Atg8a but not to GST (Fig. 5 B).

To determine the region of CKA required for the interac-
tion with Atg8a, we first looked for known Atg8 interaction mo-
tifs within CKA. Atg8 interacts with numerous proteins through 
an LIR motif found in its binding partners. This Atg8/LIR in-
teraction is essential for many steps in autophagy, including the 
selective targeting of organelles and proteins for autophagy, the 
regulation of autophagosome fusion, and the transport of auto-
phagosomes (Pankiv et al., 2007, 2010; Fu et al., 2014; Lystad 
et al., 2014; Wong and Holzbaur, 2014a; McEwan et al., 2015). 
Using iLIR, a prediction software for LIR motifs (Kalvari et 
al., 2014), four LIR ([W/F/Y]-x-x-[L/I/V]) motifs were identi-
fied within CKA, three of which are conserved in Strn, Strn3, 
and Strn4 (Fig. 5 A). We next used a series of bacterially ex-
pressed CKA fusion proteins to determine the region required 
for Atg8a binding. An N-terminal fragment (CKA 1–466) as 
well as a C-terminal fragment (CKA 166–END) of CKA, both 
containing all three putative LIR motifs, pulled down with GST-
Atg8a specifically (Fig. 5 B). Likewise, an N-terminal fragment 
(CKA 1–400) containing the first two LIR motifs pulled down 
specifically with GST-Atg8a. However, an N-terminal fragment 
containing only the first LIR motif (CKA 1–300) did not pull 
down with GST-Atg8a (Fig. 5 B).

Our domain analysis demonstrates that CKA and Atg8a 
interact directly and that the LIR2 domain between amino acids 
300 and 400 is necessary for binding to Atg8a. To determine 
whether the CKA interaction with Atg8a depends on LIR2, we 
mutated both the phenylalanine (F) and leucine (L) within the 
LIR2 motif (FEFL) to alanine (A; CKAmutLIR2) and assessed bind-
ing to GST-Atg8a. We conducted pull-down assays using a GFP-
CKA or GFP-CKAmutLIR2 fusion protein expressed in cultured 
Drosophila cells. We found that the binding of GFP-CKAmutLIR2 
to GST-Atg8a was diminished approximately twofold compared 
with wild-type GFP-CKA, whereas GST-Atg8a pulled down 
nearly identical levels of endogenous CKA protein in these ex-
periments (Fig. 5 C). The dimerization of GFP-CKAmutLIR2 with 
endogenous CKA (Moreno et al., 2001; Chen et al., 2014) may 
account for the diminished binding. Consistent with this idea, we 
observed that GFP-CKAmutLIR2 coimmunoprecipitated with Flag-
CKA (Fig. S3 A). Alternatively, a second region within CKA 
may contribute to its interaction with Atg8a. Similarly, MBP-
Atg8a pulls down GFP-CKA, but not GFP-CKAmutLIR2 (Fig. S3 
A). Based on these findings, we suggest that the LIR2 motif 
found within CKA in part mediates the interaction with Atg8.

A STR IPAK complex regulates 
autophagosome transport
To determine whether CKA’s function in the axonal transport 
of autophagosomes is dependent on its function within the 
STR IPAK complex, we depleted the core components Strip, 
Mob4, and Ccm3 by RNAi and scored for autophagic vesicle 
accumulation in motoneuron terminal boutons. Similar to CKA, 
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Figure 3. CKA impacts autophagosome transport. The motility of autophagosomes was tracked in the mid-axon region of motoneurons. All experiments 
were performed in an syx17LL/syx17LL background. Depletion of CKA affected autophagosome motility similar to the depletion of dynein. (A) Percentage of 
autophagosomes that had a net anterograde, net retrograde, or no motility for control, dynein depletion, and CKA depletion with two independent RNAi 
lines. n, number of autophagosomes scored. Berger’s unconditional exact test results: *, P < 0.05; **, P < 0.005; ns, not significant. n = 39 axons for 
all except controls; n = 38 axons for controls. (B) Scatter plot of retrograde autophagosome flux measurements. Each point represents the analysis from 
one kymograph. Bars indicate the mean and SEM for each genotype. Unpaired, two-tailed t test results: **, P < 0.005; ***, P ≤ 0.0001. n = 39 axons 
for all except controls; n = 38 axons for controls. (C) Representative kymographs of autophagosome motility in the mid-axon region of control and Cka 
RNAi-A–depleted motoneurons. The box on top shows the axons at the start of imaging. Arrowheads indicate two autophagosomes present at the start of 
imaging for each genotype. The red arrowhead indicates the proximal autophagosome, whereas the black arrowhead indicates the distal autophagosome 
at the start of imaging, and these autophagosomes are tracked in the kymograph below. Bars, 20 µm. (D) Representative kymographs showing cotransport 
of BFP-CKA and GFP-Atg8. Endogenous CKA was depleted using the Ok6-Gal4 driver in the syx17LL/syx17LL background. Arrowheads indicate punctae 
that are cotransporting. Bars, 10 µm.
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animals depleted of Strip or Mob4 also exhibited a robust accu-
mulation of autophagic vesicles in terminal boutons (Fig. 6 A). 
Significantly, we observed BFP-CKA punctae that cotransport 
with Cherry (Ch)-Mob4 punctae in motoneuron axons, suggest-
ing that BFP-CKA incorporates into a complex that transports 
with autophagosomes (Fig. 6 B). In contrast, animals depleted 
of Ccm3 using three previously characterized RNAi lines (Song 
et al., 2013) showed no accumulation of autophagic vesicles in 
terminal boutons (Fig. 6 A). These results suggest that some, 
but not all, of the core STR IPAK complex components are in-
volved in the regulation of autophagosome transport.

In both Drosophila and humans, the STR IPAK complex 
can associate with Hippo (Hpo) kinase (Ribeiro et al., 2010; 
Couzens et al., 2013; Liu et al., 2016). Moreover, in Drosophila, 
the STR IPAK complex acts to negatively regulate Hpo activity 
through the phosphatase PP2A (Ribeiro et al., 2010; Liu et al., 
2016). To investigate the possibility that the STR IPAK com-
plex modulates Hpo kinase activity to regulate autophagosome 
motility, we tested the epistatic relationship between Hpo and 
CKA. Whereas CKA depletion caused an accumulation of au-
tophagic vesicles in terminal boutons, depletion of Hpo resulted 

in fewer terminal boutons with accumulated autophagic vesicles 
(Fig. 6 C), suggesting that CKA affects autophagosome motility 
through the negative regulation of Hpo. To test this hypothesis, 
we depleted both CKA and Hpo by RNAi and observed a re-
duction in the accumulation of autophagic vesicles compared 
with CKA depletion alone (Fig. 6 C). In addition, we found that 
the expression of hpo or hpoT195E, a phosphomimetic in the Hpo 
activation loop, increased the accumulation of autophagic vesi-
cles in terminal boutons compared with controls (Fig. 6 C). As 
the STR IPAK complex acts to negatively regulate Hpo activity, 
these results suggest that STR IPAK regulates autophagosome 
transport in part through the modulation of Hpo kinase activity.

STR IPAK components regulate transport 
of DCVs but not mitochondria
To investigate whether the STR IPAK complex has a broader 
role in organelle transport beyond autophagosomes, we moni-
tored the flux of DCVs through the axon. We imaged DCVs in 
single neurons using the neuropeptide marker atrial natriuretic 
factor (ANF) fused to GFP (Rao et al., 2001) expressed with 
the SG26.1-Gal4 driver (Gunawardena et al., 2003). After the 

Figure 4. CKA and Strip are in a complex with dynein. (A and B) Immunoprecipitation of the dynein intermediate chain (DIC; A) or the dynein heavy chain 
(DHC; B) from cultured Drosophila cells expressing GFP or GFP-CKA demonstrated that GFP-CKA, but not GFP alone, coimmunoprecipitated with dynein. 
(C) Immunoprecipitation of the dynein intermediate chain from cultured Drosophila cells also coimmunoprecipitated endogenous Strip protein. Lysates were 
divided in half and put onto beads in the presence or absence (controls) of antibody. Representative blots are shown. IB, immunoblot; IP, immunoprecipitate. 
A and C, n > 3 repeats; B, n = 2 repeats.
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depletion of the STR IPAK components or dynein, we observed 
a significant decrease in both the retrograde and anterograde 
flux of DCVs (Figs. 7 and S3 C). Furthermore, depletion of 
CKA, Mob, Strip, or dynein drastically decreased the number 
of DCVs found in the mid-axon region compared with controls 

(Figs. 7 and S3 D). In addition to the effects on DCV motil-
ity, we also noted that the depletion of STR IPAK components 
resulted in segmental nerve swellings that accumulated DCVs 
(Cka depletion; Fig. S3 D). Axon swellings and organelle jams 
in motoneurons are well-established phenotypes for dynein and 

Figure 5. CKA binds to Atg8 through a region containing a conserved LIR motif. (A) Diagram of the CKA protein structure. Protein domains are indicated 
by boxes and labeled above the diagram. BD, binding domain. Three putative LIR motifs within CKA that are conserved in the mammalian striatin family 
orthologues are shown and denoted by a black line under the diagram with their amino acid coordinates. Bacterially expressed and purified protein 
fragments of CKA used for GST pull-downs are indicated under the diagram, and their binding ability to Atg8a is indicated to the right. (B) CKA directly 
bound to Atg8a through a region containing the LIR2 motif. All indicated protein fragments of CKA pulled down with GST-Atg8a except the N-terminal 
fragment that contains only the first LIR domain. (C) GFP-CKA and endogenous CKA from cultured Drosophila cells pulled down readily with GST-Atg8a, 
but not with GST alone. Mutating the LIR2 motif within CKA diminished the binding of GFP-CKAmutLIR2 to GST-Atg8a compared with GFP-CKA. Binding of 
endogenous CKA was similar between the GST-Atg8a pull-downs. The amount of GFP-CKA protein pulled down by GST-Atg8a normalized to endoge-
nous CKA and GST-Atg8a protein levels for four separate experiments, and means and SEM are shown. IB, immunoblot. Paired, one-tailed t test results:  
*, P < 0.05. Representative blots are shown. For His pull-downs, CKA full-length, 1–300, and 1–400, n ≥ 3 repeats; 1–466 and 166–END, n = 2 repeats.
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kinesin mutants, as well as for the JNK scaffolding proteins 
Jip3 and Jip1 in Drosophila (Hurd and Saxton, 1996; Martin 
et al., 1999; Bowman et al., 2000; Horiuchi et al., 2005). These 
results show that CKA, Mob4, and Strip can each participate in 
the transport of both autophagosomes and DCVs, suggesting 
that they function in concert to regulate vesicle motility.

To further test the specificity of the STR IPAK complex 
in organelle motility, we examined mitochondrial transport. 
The motility of mitochondria was monitored using the marker 
mito-GFP (Pilling et al., 2006) expressed with the M12-Gal4 

driver. To examine transport dynamics of mitochondria, we 
again measured the flux of mitochondria through the axon. The 
depletion of CKA, Mob4, or Strip did not decrease the flux of 
mitochondria in either direction (Figs. 8 and S4 A). By compar-
ison, depletion of dynein significantly decreased mitochondrial 
flux in both directions (Figs. 8 and S4 A). Collectively, our re-
sults indicate that CKA, Mob4, and Strip differentially impact 
organelle transport. We suggest that STR IPAK components 
are resident on autophagosomes and DCVs, providing a local 
mechanism for regulating organelle transport.

Figure 6. A STR IPAK complex prevents autophagic vesicle accumulation. (A) Quantification of autophagic vesicle (AV) accumulation in terminal boutons 
of NMJ4 when core STR IPAK components (Mob4, Strip, and Ccm3) were depleted in motoneurons. (B) BFP-CKA and Ch-Mob4 cotransport in axons. Ar-
rowheads indicate punctae that are cotransporting. Bars, 10 µm. (C) Quantification of autophagic vesicle accumulation after expression of hpo, hpoT195E, 
depletion of CKA alone, depletion of Hpo alone, or simultaneous depletion of Hpo and CKA. n, number of terminal boutons scored. Berger’s unconditional 
exact test results: *, P < 0.05; **, P < 0.005; ns, not significant.
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CKA/STR IPAK regulates motor-based 
transport through PP2A
CKA is a regulatory subunit of PP2A, and we next asked whether 
PP2A binding is important for CKA regulation of dynein-based 
motility. We generated constructs expressing a mutant CKA 
protein, CKAΔPP2A, in which conserved residues necessary for 
PP2A binding (Gordon et al., 2011) were specifically mutated. 
We confirmed that these conserved residues mediate binding to 
the sole structural subunit of PP2A in Drosophila, Pp2A-29B. 
Coimmunoprecipitation experiments from Drosophila culture 
cells showed that GFP-CKA readily coimmunoprecipitate 
with Flag-tagged Pp2A-29B, but that the binding of the mutant 
GFP-CKAΔPP2A was diminished (Fig. S4 B).

To test the functional significance of this CKA–PP2A in-
teraction, we made RNAi-resistant BFP-Cka and BFP-CkaΔPP2A 
transgenic lines to use in rescue experiments after the depletion 
of endogenous CKA. Both the control and mutant transgenes 
were inserted in the same genomic position to ensure compara-
ble expression levels (Fig. S4 C). In the subsequent assessment 
of DCV motility, we found that the BFP-CKA protein provided 
partial rescue of the Cka RNAi transport defect, significantly 
increasing the retrograde flux of DCVs and slightly increasing 

DCV anterograde flux compared with deletion alone (Figs. 9 
B and S4 D). In striking contrast, the mutant BFP-CKAΔPP2A 
protein did not rescue any of the defects in DCV flux observed 
after CKA depletion. The flux of retrograde and anterograde 
DCVs was significantly decreased compared with the deple-
tion of CKA alone (Figs. 9 B and S4 D). These results suggest 
CKAΔPP2A may function in a dominant-negative fashion. To fur-
ther support a role for PP2A in the regulation of transport, we 
similarly examined whether disruption of PP2A function im-
pacts the accumulation of autophagic vesicles (Fig.  9, C and 
D). After depletion of the PP2A structural subunit, Pp2A-29B, 
we observed a significant increase in the accumulation of auto-
phagic vesicles in terminal boutons (Fig. 9 C). By comparison, 
the depletion of the catalytic subunit (Mts) resulted in early le-
thality and prohibited an evaluation of the autophagosome accu-
mulation. To circumvent this lethality, we used the conditionally 
inducible GeneSwitch system (Osterwalder et al., 2001) to de-
plete Mts by RNAi under the control of the elavSwitch driver. 
In this case, we observed a significant increase in the number 
of boutons with autophagic vesicle accumulation (Fig.  9  D). 
Depletion of Pp2A-29B by RNAi using the GeneSwitch sys-
tem also resulted in a significantly greater number of boutons 

Figure 7. A STR IPAK complex modulates the transport of DCVs. (A) Representative kymographs of DCV motility for each of the genotypes measured.  
Bars, 5 µm. (B) Scatter plot of DCV flux measurements. Each point is the analysis from one kymograph. Bars indicate the mean and SEM for each geno-
type. The DCV flux in both directions was decreased when CKA, Mob4, Strip, or dynein were depleted. Unpaired, two-tailed t test result: **, P < 0.005;  
***, P ≤ 0.0001. n = 12 axons.
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with accumulated autophagic vesicles (Fig. 9 D). Furthermore, 
we expressed a dominant-negative mutant form of the catalytic 
subunit (MtsDN) that lacks the catalytic domain and retains the 
ability to incorporate into the STR IPAK complex (Evans et al., 
1999; Hannus et al., 2002). Here, too, a significant increase in 
autophagic vesicle accumulation was observed using the con-
ditionally inducible GeneSwitch system, supporting a require-
ment for PP2A catalytic activity in the regulation of motility 
(Fig. 9 D). In a parallel set of experiments, expression of MtsDN 
or BFP-CKAΔPP2A under D42-Gal4 resulted in increased au-
tophagic vesicle accumulation, although this increase was not 
statistically significant (Fig. 9 C). The more modest effects may 
reflect a lower level of expression under the D42-Gal4 driver. 
Nonetheless, collectively, our results support the interpretation 
that CKA and PP2A catalytic activity within the STR IPAK 
complex modulates axonal transport.

CKA itself may be regulated by associated kinase and 
PP2A activities. We found that CKA was hyperphosphory-
lated when cells were treated with okadaic acid, a PP2A in-
hibitor (Fig.  9 E), suggesting that CKA may be regulated by 
PP2A. Mammalian striatin proteins are also hyperphosphory-
lated when treated with okadaic acid (Moreno et al., 2001). To 
evalulate the presence of distinct CKA-phosphorylated species 
in cultured cell and larval brain extracts, we compared CKA 
immunoprecipitates on Western blots before and after treat-
ment with λ-phosphatase. Without phosphatase treatment, we 

observed two CKA species in immunoprecipitates from cul-
tured cells, and three species in immunoprecipitates recovered 
from larval brain lysates. Significantly, the number of bands re-
mains the same after λ-phosphatase treatment (Fig. S4 E), sug-
gesting there are multiple endogenous CKA isoforms that do 
not result from differential phosphorylation (Fig. S1 B). These 
results suggest that CKA itself is phosphoregulated and that, 
in addition, there are multiple endogenous CKA isoforms. The 
role of CKA phosphorylation and CKA isoform diversity in the 
regulation of transport remains to be elucidated.

To study the physiological consequence of deplet-
ing CKA in mature neurons, we used the neuronal elav-
GeneSwitch driver (Osterwalder et al., 2001) to conditionally 
activate expression of the Cka RNAi construct late in de-
velopment by feeding it the drug RU-486. To induce CKA 
depletion, we fed RU-486 to early third instar larvae and 
subsequently evaluated pupal eclosion rates and adult pheno-
types. CKA depletion using the GeneSwitch system increased 
pupal lethality (reduced percentage of adults) compared with 
controls (Fig.  10  A). Significantly, all the CKA-depleted 
adults that eclosed were uncoordinated and exhibited very lit-
tle movement (Fig. 10 A and Videos 1 and 2). Control adults 
raised on RU-486 food did not exhibit this uncoordinated lo-
comotor phenotype (Fig.  10  A and Video  3). Moreover, the 
uncoordinated adult phenotype observed after CKA depletion 
could be substantially rescued by BFP-CKA fusion protein 

Figure 8. A STR IPAK complex does not modulate mitochondrial transport. (A) Representative kymographs of mitochondria motility for each of the geno-
types measured. Bars, 5 µm. (B) Scatter plot of mitochondrial flux measurements. Each point is the analysis from one kymograph. Bars indicate the mean 
and SEM for each genotype. Depletion of CKA, Mob4, or Strip did not decrease the flux of mitochondria. Conversely, depletion of dynein decreases the 
flux of mitochondria in both directions. Unpaired, two-tailed t test results: **, P < 0.005; ***, P ≤ 0.0001; all other comparisons to the control are not 
significant. n = 15–16 axons. Mito, mitochondria.
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Figure 9. PP2A binding to CKA is required for DCV motility. (A) Representative kymographs of DCV motility for each of the genotypes measured. Bars, 5 
µm. (B) Scatter plot of DCV flux measurements. Each point is the analysis from one kymograph. Bars indicate the mean and SEM for each genotype. BFP-
CKA expression after CKA depletion significantly rescued the retrograde flux of DCVs and increased the anterograde flux of DCVs. In contrast, expression 
of a BFP-CKA fusion protein that cannot bind PP2A (BFP-CKAΔPP2A) after CKA depletion significantly reduced the flux of DCVs in both directions compared 
with CKA depletion alone. Unpaired, two-tailed t test result: *, P < 0.05; **, P < 0.005; ***, P ≤ 0.0001; ns, not significant. n = 12 axons. (C) Quan-
tification of autophagic vesicle (AV) accumulation in terminal boutons of NMJ4 when BFP-Cka, BFP-CkaΔPP2A, mtsDN, or Pp2A-29B RNAi were expressed.  
(D) Quantification of autophagic vesicle accumulation in terminal boutons of NMJ4 when PP2A activity is disrupted using the elav-GeneSwitch driver. Berg-
er’s unconditional exact test results: *, P < 0.05; **, P < 0.005; ns, not significant. (E) A phospho shift of endogenous CKA and GFP-tagged CKA isoforms 
was seen when cells were treated with okadaic acid, a PP2A inhibitor. Representative blots are shown. IB, immunoblot. n = 2 repeats.
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expression (Fig. 10 A and Video 4). Importantly, the uncoor-
dinated locomotor phenotype was not rescued by the mutant 
BFP-CKAΔPP2A fusion protein (Fig. 10 A and Videos 5 and 6). 
In addition, an increase in pupal lethality was observed when 
BFP-CKAΔPP2A fusion protein was expressed in neurons de-
pleted of endogenous CKA (Fig. 10 A), again supporting the 
conclusion that the BFP-CKAΔPP2A mutant protein functions 
as a dominant-negative inhibitor of CKA function. Collec-
tively, these results demonstrate that CKA’s function within 
the nervous system is dependent on PP2A activity and is re-
quired for coordinated locomotion in adult Drosophila.

Discussion

Autophagy plays an important role in neuronal homeostasis, 
removing misfolded proteins and damaged organelles that com-
promise neuronal function. To our knowledge, this is the first 
study of the distribution and dynamics of autophagosomes in 
Drosophila motoneurons in situ. We find that autophagosomes 
in neurons with established synaptic connections are primarily 
found within synaptic terminals and are rarely seen in motoneu-
ron cell bodies. These autophagosomes move predominantly in 
a retrograde direction and are powered by the dynein motor, 

Figure 10. CKA is required for adult motor coordina-
tion. (A) Effect of depletion of CKA in late larval brains 
on viability and adult motor coordination. Expression 
of transgenes in late larval stages was controlled by 
feeding RU-486. Loss of neuronal CKA late in develop-
ment has a minor effect on viability but results in a pro-
nounced uncoordinated phenotype. This phenotype is 
rescued by BFP-CKA but not BFP-CKAΔPP2A expression. 
(B) A model for the function of a STR IPAK complex in 
axonal transport. CKA functions as a scaffold protein, 
binding core STR IPAK components Mob4, Strip, and 
the structural subunit PP2A (A), as well as kinases. 
Strip binds directly to the P150 subunit of the dynactin 
complex (Sakuma et al., 2014). Dynactin is a regu-
latory complex of dynein, and the dynein/dynactin 
association is necessary for retrograde transport. CKA 
binds directly to Atg8a, a protein that localizes to the 
membrane of autophagosomes. As a core STR IPAK 
component, CKA mediates attachment of autopha-
gosomes to dynein/dynactin transport machinery. 
The STR IPAK complex also tethers PP2A and kinases 
that may coregulate the dynein-mediated transport of 
a subset of organelles.



JCB • Volume 216 • NumBer 2 • 2017454

similar to the autophagosome dynamics described in cultured 
mammalian neurons (Maday et al., 2012; Cheng et al., 2015). 
We performed an RNAi-based screen and identified the striatin 
family protein CKA as a regulator of autophagosome transport.

CKA is a core component of the STR IPAK complex and 
scaffolds the phosphatase PP2A, kinases, and additional pro-
tein components, including Mob4 and Strip. We report that 
the STR IPAK complex plays a broad role in axonal transport, 
regulating the transport of autophagosomes and DCVs. More-
over, although the flux of both autophagosomes and DCVs 
through the axon is decreased by the depletion of STR IPAK 
components, mitochondrial transport is largely unaffected. This 
suggests that the STR IPAK complex has specificity in the reg-
ulation of organelle transport. Other work has suggested that 
the STR IPAK components Strip and Mob4 act globally to regu-
late microtubule stability and organization, potentially through 
the posttranslational modification of tubulin and microtubule- 
associated proteins (Schulte et al., 2010; Sakuma et al., 2015). 
Moreover, in Drosophila Strip and Mob4 mutants, defects in 
neuronal and synaptic morphologies have been observed and 
could arise as the downstream consequences of microtubule 
dysregulation (Schulte et al., 2010; Sakuma et al., 2014). Ax-
onal aggregates and larval motility defects were also reported 
in Mob4 mutants, but whether these defects reflect a disruption 
of microtubule organization or the aberrant regulation of motor 
proteins was not addressed (Schulte et al., 2010). Our obser-
vations of the differential impact of STR IPAK depletion in or-
ganelle transport are not readily explained by global defects in 
microtubule stability or microtubule organization and point to a 
specific defect in organelle transport regulation.

Our data suggest a model in which the STR IPAK com-
plex acts as a molecular linker between autophagosomes and 
the dynein motor complex. We show that CKA directly binds 
the autophagosomal membrane protein Atg8a and, similar to 
the mammalian STR IPAK complex (Goudreault et al., 2009), 
also associates with cytoplasmic dynein. However, we cannot 
exclude the possibility that CKA/STR IPAK acts as a cofactor 
in the regulation of dynein. Further work will be required to 
understand the role of CKA in the attachment and regulation of 
motor proteins. In addition, our genetic and motility data fur-
ther suggest that the STR IPAK complex acts to regulate dynein-
based transport in neurons through phosphoregulation events. 
We hypothesize that dynein and dynein-associated proteins are 
likely substrates. Previous work by many groups has demon-
strated that dynein subunits and dynein-associated proteins are 
phosphorylated. These phosphorylation events can modulate 
interactions between dynein, its regulators, or attached car-
goes (Vaughan et al., 2001; Pandey and Smith, 2011; Mitch-
ell et al., 2012; Gao et al., 2015; Klinman and Holzbaur, 2015; 
Nirschl et al., 2016), influencing transport or the initial loading 
of cargo. Previous work has shown that the loading of cargoes 
into the microtubule is dependent on retrograde machinery, 
including the dynein/dynactin complex (Lloyd et al., 2012; 
Moughamian and Holzbaur, 2012). Here, we find that autopha-
gosomes accumulate at synaptic terminals after the depletion of 
CKA, suggesting a related regulatory role for CKA activity in 
dynein-mediated microtubule attachment in neurons.

Beyond acting as a putative molecular linker, we demon-
strate that the CKA scaffold tethers the phosphatase PP2A, 
which modulates axonal transport. Previous studies have shown 
that PP2A regulatory subunits, including CKA, control PP2A 
phosphatase activity in a diverse array of cellular functions in 

Drosophila (Viquez et al., 2006; Wang et al., 2009, 2016; Ri-
beiro et al., 2010; Bose et al., 2014; Li et al., 2014; Andreazza 
et al., 2015; Sun and Buttitta, 2015; Swarup et al., 2015). In 
motoneurons, disruption of all PP2A activities results in mul-
tiple neuronal phenotypes, including axonal transport defects 
(Viquez et al., 2009). Our data support a model in which CKA 
is the PP2A-regulatory subunit that controls axonal transport. 
Depletion of CKA and PP2A exhibits similar axonal transport 
defect phenotypes. Moreover, we show that a BFP-CKA fusion 
protein partially rescues the DCV motility phenotype observed 
when CKA is depleted, whereas expression of BFP-CKAΔPP2A, 
a mutant with greatly reduced PP2A binding capability, cannot 
rescue the DCV motility defects. A role in axonal transport has 
not been described for any of the other regulatory subunits in 
Drosophila. Well-rounded, another PP2A regulatory subunit, is 
known to regulate synaptic growth, cytoskeletal stability (Viquez 
et al., 2006), and active zone stability but does not affect axonal 
transport (Li et al., 2014). In light of these observations, we 
propose that CKA not only acts as a linker to bridge autophago-
somes to the dynein motor complex, but also regulates axonal 
transport through the modulation of PP2A phosphatase activity.

CKA likely scaffolds both PP2A and the kinase that func-
tions in opposition to PP2A to regulate the phosphorylation of 
proteins required for retrograde dynein-mediated axonal trans-
port (Fig. 10 B). The opposing action of kinases and phospha-
tases serves to finely tune substrate activity in multiple cellular 
processes. For example, in Drosophila, GSK3β kinase acts in 
opposition to PP2A to coordinately regulate substrates (Viquez 
et al., 2009; Li et al., 2014). In addition to defects in axonal 
transport, aberrant cytoskeletal organization and defective de-
velopment of synaptic active zones are observed after loss of 
PP2A activity in Drosophila motoneurons. Significantly, the 
active zone and cytoskeletal phenotypes are suppressed by a re-
duction in the level of GSK3β (Viquez et al., 2009). In contrast, 
no suppression of the axonal transport defects was reported, 
suggesting that GSK3β is not the kinase that acts with PP2A 
to regulate axonal transport. Instead, the axonal transport de-
fects and vesicle accumulations are more severe if both PP2A 
and GSK3β are reduced (Viquez et al., 2009). The increased 
severity may reflect the involvement of GSK3β in negatively 
regulating both kinesin-1 and dynein to coordinate bidirectional 
transport in neurons (Weaver et al., 2013). These results suggest 
that another kinase, yet unidentified, functions in opposition to 
PP2A activity to regulate axonal transport. Our results suggest 
that Hpo is the candidate STR IPAK kinase that mediates au-
tophagosome transport. Future work will seek to identify the 
STR IPAK-associated kinases in neurons and their substrates 
in neurons. Regardless of the identity of the STR IPAK-asso-
ciated kinase, our work has linked the STR IPAK complex and 
its core PP2A regulatory subunit, CKA, to the transport of au-
tophagosomes and DCVs in neurons. These results raise the 
possibility that dysregulation of axonal transport could underlie 
the previously reported linkage between PP2A dysfunction, tau 
hyperphosphorylation, synaptic deficits, and Alzheimer’s dis-
ease (Gong et al., 1993; Rudrabhatla, 2014; Sontag and Son-
tag, 2014). In support of this possibility, our work demonstrates 
that depletion of CKA results in a severe neurological pheno-
type in adult Drosophila.

The STR IPAK complex has recently been implicated in 
the regulation of a broad range of cellular processes (Ribeiro 
et al., 2010; Kean et al., 2011; Hyodo et al., 2012; Hwang and 
Pallas, 2014; Andreazza et al., 2015; Lant et al., 2015). An 
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important question is how the STR IPAK complex is targeted 
to specific functions and whether redundant regulatory mech-
anisms exist. The components of the STR IPAK complex have 
been identified in cultured mammalian (Goudreault et al., 2009) 
and Drosophila (Ribeiro et al., 2010) cells, but functional in-
vestigations of the heterogeneity in subunit composition are 
only just beginning. In the present study, we find that in Dro-
sophila motoneurons, not all core components of the STR IPAK 
complex contribute to the regulation of organelle motility. Spe-
cifically, depletion of Ccm3 had no effect on autophagosome 
transport, suggesting that Ccm3 is either not in the STR IPAK 
complex in motoneurons or does not function within the com-
plex to regulate axonal transport. In mammalian cells, Ccm3 
bridges striatin and the kinase GckIII within the STR IPAK 
complex (Kean et al., 2011). Consistent with the idea that Ccm3 
function is not required for autophagosome transport, we also 
found that depletion or overexpression of GckIII did not impact 
the autophagosome distribution in neurons (unpublished data). 
Future work will explore the tissue and functional specificity 
for components in the STR IPAK complex. Moreover, in addi-
tion to CKA/STR IPAK, the scaffolding complexes Huntingtin/
HAP1 and JIP1 are also known to impact the transport of au-
tophagosomes in neurons (Fu et al., 2014; Wong and Holzbaur, 
2014b). In a similar fashion to CKA, JIP1 binds and coregu-
lates JNKs (Yasuda et al., 1999; Horiuchi et al., 2007) and the 
phosphatase MKP7 (Willoughby et al., 2003), impacting the 
transport of numerous organelles and vesicles (Matsuda et al., 
2001; Scheinfeld et al., 2002; Horiuchi et al., 2005; Fu et al., 
2014). Remarkably, JIP1 also binds to the Atg8 orthologue LC3 
through an LIR motif (Fu et al., 2014). The fact that multiple 
scaffolding proteins modulate autophagosome transport raises 
many interesting questions regarding the targeting of scaffold-
ing proteins to distinct subpopulations of autophagosomes. Al-
ternatively, the redundancy of scaffolding complexes involved 
in autophagosome transport may help ensure the clearing of 
cellular debris to safeguard neuronal homeostasis and function.

Materials and methods

Drosophila stocks
Table S1 lists the genotypes used to evalulate the data for each exper-
iment. Flies were raised on standard food, and all crosses were per-
formed at 29°C. Stocks used are as follows: UAS-mito-GFP (Pilling et 
al., 2006), UAS-ANF-GFP (Rao et al., 2001), UAS-mCh-GFP-Atg8a 
(Takáts et al., 2013), UAS-mCh-Atg8a (Chang and Neufeld, 2009), 
UAS-Atg1K38Q[13A]/TM6,Tb (Scott et al., 2007), syx17LL/TM6,Tb 
(Hegedűs et al., 2013), Cka2/Cyo (a gift from S. Hou, National Can-
cer Institute, Frederick, MD; Chen et al., 2002), UAS-Flag-hpo and 
UAS-Flag-hpoT195E (a gift from L.  Zhang and Y.  Jin, Shanghai In-
stitutes for Biological Sciences, Shanghai, China; Jin et al., 2012), 
Ok6-Gal4 (Aberle et al., 2002), D42-Gal4 (Bloomington Drosophila 
Stock Center [BDSC]), M12-Gal4 (Xiong et al., 2010), SG26.1-Gal4 
(Gunawardena et al., 2003), and UAS-mtsDN (Mts 1–181; Hannus et 
al., 2002). Vienna Drosophila Resource Center (VDRC) RNAi lines 
used are as follows: UAS-dhc64cRNAi (28054), UAS-CkaRNAi-A 
(106971), UAS-CkaRNAi-C (35234), UAS-Mob4RNAi-A (110742), 
UAS-Mob4RNAi-C (40442), UAS-StripRNAi-A (106184), UAS-Strip-
RNAi-B (16211), Ccm3RNAi-A (109453), Ccm3RNAi-B (46548), 
Ccm3RNAi-C (106841), vha26RNAi (102378), and UAS-hpoRNAi-B 
(104169). Lines from the BDSC were as follows: UAS-CkaRNAi-D 
(CkaHM05138), UAS-Mob4RNAi-B (UAS-Mob4RNAi.JS1), UAS-Strip-

RNAi-C (StripHMS01134), UAS-hpoRNAi-A (hpoHMS00006), UAS-Pp2A-
29BRNAi (pP2A-29BJF03316), UAS-mtsRNAi (mtsJF02805), elav-Switch.O, 
and UAS-Mob4-N-Cherry. The wild-type outcross control was w1118 
unless indicated otherwise.

Larval dissections
Wandering third instar larvae were dissected in HL3 saline (70  mM 
NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose, 
115  mM sucrose, and 5  mM Hepes, pH 7.2) by filleting the larva 
open on an imaging platform of a custom-made Sylgard dish accord-
ing to the procedure described by Neisch et al. (2016). All imaging 
was done on live, freshly dissected larvae in HL3 saline except for 
images of DCV segmental nerve axonal jams. These animals were 
dissected as described above, fixed in 4% paraformaldehyde for 20 
min, and then washed in PBS before mounting in Prolong gold anti-
fade (Molecular Probes).

RNAi screen to identify candidate proteins
Proteins conserved between humans and Drosophila were identified 
using InParanoid7 (Ostlund et al., 2010). Proteins were depleted by 
crossing VDRC RNAi lines to a recombinant Ok6Gal4, UAS-mCh-
GFP-Atg8a; UAS-dicer2/TM6,Tb. Three larvae for each genotype were 
dissected. Dissected animals were visually screened for terminal bou-
ton accumulation of autophagosomes by epifluorescence microscopy 
using a Plan-Apo 60×/1.4 NA oil objective on an Eclipse Ti microscope 
(Nikon). Full results from this screen will be reported separately.

Imaging of autophagosome distribution and analysis
An Ok-Gal4, UAS-mCh-GFP-Atg8a; UAS-dicer2/TM6,Tb line was 
crossed to UAS-vha26-RNAi or w1118. Images of mCh and GFP within 
cell bodies and synaptic terminals were obtained with a C-Apo 63×/1.2 
NA water immersion objective (Olympus). A microscope (Axio Ob-
server Z1; ZEI SS) equipped with a spinning-disk confocal head (CSU-
X1; Yokogawa Electric Corporation) and QuantEM 512SC camera 
(Photometrics) was used along with Zen2 software (ZEI SS) for acqui-
sition. NMJ4 synaptic terminals within abdominal segments A4 and A5 
were imaged for five animals of each genotype. The images were then 
compiled as a SUM projection in FIJI (ImageJ; National Institutes of 
Health) and randomized using the filename randomizer ImageJ macro, 
written by Tiago Ferreira. Images were then scored blind by counting 
the number of GFP puncta in each synaptic terminal. 20 synaptic termi-
nals were analyzed for each genotype.

Imaging of autophagosome accumulation in terminal boutons and 
volumetric analysis
An Ok-Gal4, UAS-mCh-GFP-Atg8a line was crossed to w1118, and 
UAS-dhc64cRNAi or Ok-Gal4, UAS-mCh-GFP-Atg8a/Cyo-dfd-YFP; 
UAS-dhc64cRNAi/TM6,tubGal80,Tb was crossed to UAS-Atg1K38Q 
(Scott et al., 2007). mCh and GFP within synaptic terminals of NMJ4 
within abdominal segments A2–A5 were imaged for three animals 
of each genotype. 17 synaptic terminals of dhc64c RNAi, 20 synap-
tic terminals of controls, and 17 synaptic terminals of dhc64c RNAi, 
Atg1K38Q were imaged. Samples were imaged with a spinning-disk 
confocal microscope (ZEI SS) and randomized as described in the pre-
vious section. Imaris software (Bitplane) was used to create a volu-
metric reconstruction of the synaptic terminals. The mCh signal was 
used to create a mask of the synaptic terminal to calculate the volume 
of the terminal boutons. The GFP signal was then used to identify au-
tophagosome punctae and determine the volume they occupied in the 
terminal bouton. As signal intensity was variable for each image, the 
threshold was manually adjusted, and signal was only counted as GFP 
puncta if visually present.
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Imaging of autophagic vesicle accumulation in terminal boutons  
and analysis
A D42-Gal4, UAS-mCh-Atg8a, UAS-dicer2 recombinant line was 
crossed to the indicated RNAi lines, or a Cka2; D42-Gal4, UAS-mCh-
Atg8a/SM5-TM6,Tb line was crossed to Cka2/SM5-TM6,Tb (Chen et 
al., 2002). mCh signal in synaptic terminals of NMJ4 within abdominal 
segments A4 and A5 was imaged for each of the given genotypes with 
a Plan-Apo 63×/1.4 NA oil immersion objective and a spinning-disk 
confocal microscope (ZEI SS; see Imaging of autophagosome distri-
bution and analysis section). Z stacks were collected by imaging from 
just above to just below the synaptic terminal using identical settings. 
23–26 synaptic terminals from six to seven animals were imaged, ex-
cept for StripRNAi-C (20 synaptic terminals and five animals) and Cka2 
mutants (16 terminals and four animals). The number of terminal bou-
tons varied per synaptic terminal. The images were then compiled as 
a SUM projection in FIJI and randomized as decribed in the Imaging 
of autophagosome distribution and analysis section above. A minimum 
of six genotypes and a least 146 images were randomized together for 
analysis each time. The images were then scored for terminal bouton 
accumulation. Autophagosomes at synaptic terminals had a mean di-
ameter of 0.5 µm. The smallest terminal boutons analyzed were 1.5 µm 
in diameter. Terminal boutons were counted as having accumulation if 
>20% of the bouton had signal above the cytoplasmic signal observed 
in the more proximal boutons. The terminal boutons within each syn-
apse were visually scored as having or lacking an accumulation of au-
tophagic vesicles. Berger’s unconditional two-sided exact test was used 
to analyze the data (Berger, 1996a,b).

Imaging of autophagic vesicle accumulation in terminal boutons 
using elav-GeneSwitch
A UAS-mCh-GFP-Atg8a; elavSwitch.O line was crossed to the in-
dicated RNAi or dominant-negative transgenic animals. The elav-
GeneSwitch driver was used to conditionally express mCh-GFP-Atg8a 
while depleting the PP2A catalytic or structural subunits by RNAi. 
Alternatively, the elav-GeneSwitch was used to conditionally ex-
press the dominant-negative catalytic subunit (MtsDN) in neurons. Ex-
pression was induced by feeding first instar larvae the drug RU-486. 
Embryos were collected on juice plates at 25°C.  First instar larvae 
were transferred to food containing 20 µg/ml mifepristone (RU-486; 
Sigma-Aldrich) dissolved in 100% EtOH. Larvae were then raised at 
29°C. Synaptic terminals of NMJ4 were then imaged and analyzed as 
described in the Imaging of autophagosome distribution and analysis 
section. 22–26 synaptic terminals from six to seven animals were im-
aged. At least three genotypes and 68 images were randomized together 
for analysis. Berger’s unconditional two-sided exact test was used to 
analyze the data (Berger, 1996a,b).

Autophagosome motility imaging and analysis
An M12-Gal4, UAS-mCh-GFP-Atg8a, syx17LL/TM6,Tb line was 
crossed to syx17LL/TM6,Tb (Hegedűs et al., 2013), UAS-CkaRNAi-A; 
UAS-dicer2, syx17LL/TM6,Tb, UAS-CkaRNAi-B; syx17LL/TM6,Tb, or 
UAS-dhc64cRNAi, syx17LL/TM6,Tb. GFP signal in the mid-axon re-
gion of motoneurons was imaged at a distance 800–1,000 µm from the 
ventral nerve cord (VNC) with a C-Apo 63×/1.2 NA water immersion 
objective on a spinning-disk confocal microscope (ZEI SS; as described 
in the Imaging of autophagosome distribution and analysis section). 
Images were obtained continuously for 2.5 min using Zen software 
(ZEI SS). Images were then analyzed by making kymographs using 
MetaMorph software (7.7.10.0; Molecular Devices). Autophagosomes 
were classified as having a net movement in the retrograde direction, 
anterograde direction, stationary, or no net displacement (nonmotile). 
Nonmotile autophagosomes were identified by watching the video to 

identify autophagosomes at time 0 and track those that were nonmo-
tile in the kymograph, as changes in axon width accumulate cytosolic 
Atg8a and appear as straight lines in kymographs. Seven animals of 
each genotype were used. 39 axons were imaged for Cka RNAi-A, Cka 
RNAi-B, dhc64c RNAi, and syx17LL/+, and 38 axons were imaged for 
controls (syx17LL/syx17LL). Prism 5 software (GraphPad Software) was 
used to graph the resulting data. Berger’s unconditional two-sided exact 
test was used to analyze the data (Berger, 1996a,b).

Imaging autophagosome cotransport with BFP-CKA
An Ok6-Gal4, UAS-mCh-GFP-Atg8; syx17LL/TM6,Tb line was crossed 
to a UAS-Cka-RNAi-B; UAS-BFP-Cka, syx17LL/TM6,Tb line. GFP and 
BFP signals in the mid-axon region of motoneurons were imaged at a 
distance 800–1,000 µm from the VNC with a C-Apo 63×/1.2 NA water 
immersion objective on a spinning-disk confocal microscope (ZEI SS; 
as described in the Imaging of autophagosome distribution and analysis 
section). Exposure times used were BFP, 300 ms, and GFP, 150 ms. 
Images were obtained with sequential, continuous aquisition for 2–2.5 
min using Zen software. Images were then analyzed by making kymo-
graphs using MetaMorph software.

Imaging Ch-Mob4 cotransport with BFP-CKA
An SG26.1-Gal4, UAS-Ch-Mob4 line was crossed to a UAS-Cka-
RNAi-B; UAS-BFP-Cka line. BFP and Ch signals in the mid-axon re-
gion of motoneurons were imaged at a distance 800–1,000 µm from the 
VNC with a C-Apo 63×/1.2 NA water immersion objective on a spin-
ning disk confocal microscope (ZEI SS; as described in the Imaging of 
autophagosome distribution and analysis section). Exposure times used 
were BFP, 300 ms, and Ch, 100 ms. Images were obtained with sequen-
tial, continuous aquisition for 2.5 min using Zen software. Images were 
then analyzed by making kymographs using MetaMorph software.

Imaging and analysis of DCV motility
An SG26.1-Gal4, UAS-ANF-GFP line was crossed to the indicated 
RNAi lines. CkaRNAi-A, Mob4RNAi-A, and StripRNAi-A lines car-
ried UAS-dicer2 to increase RNAi efficiency. GFP was imaged within 
the mid-axon region of motoneurons at a distance 800–1,000 µm from 
the VNC with an Apo TIRF 100×/1.49 NA oil immersion objective. 
A microscope (Eclipse Ti) equipped with a spinning-disk confocal 
head (Wallac Ultraview; BioProcess) and an electron-multiplying 
charge-coupled device camera (Evolve 512; Photometrics) was used 
for acquisition. Images were obtained using MetaMorph software and 
acquired using continuous streaming. Images were then analyzed by 
making kymographs of 150 frames (22.4 s). Two axons were analyzed 
from six animals of each genotype (12 axons total). The number of ret-
rograde and anterograde DCVs within the 80-µm region over a 22.4-s 
period was counted. Prism 5 software was used to run unpaired, two-
tailed t tests for analysis of statistically significant differences.

Imaging of DCV axonal jams
The posterior portion of synaptic nerves containing axonal jams was 
imaged 1,000–2,000 µm from the VNC with a Plan-Apo 63×/1.4 NA oil 
immersion objective on a spinning-disk confocal microscope (ZEI SS).

Imaging and analysis of mitochondria motility
An M12-Gal4, UAS-GFP-HA-mito line was crossed to the indicated 
RNAi lines. CkaRNAi-A, Mob4RNAi-A, and StripRNAi-A lines 
carried UAS-dicer2 to increase RNAi efficiency. Expression of UAS- 
dicer2 was used as the control. The mid-axon region of motoneurons 
was imaged at a distance 800–1,000 µm from the VNC with an Apo 
total internal reflection flurescence 100×/1.49 NA oil immersion ob-
jective on a Nikon microscope and MetaMorph software (as described 
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in the Imaging and analysis of DCV motility section). Images were 
acquired every 2 s for 100 frames (3 min, 21 s). Three to four axons 
were analyzed from four animals of each genotype (15–16 axons total). 
The number of retrograde and anterograde mitochondria within the 
80-µm region over a period of 3 min 21 s was counted. Prism 5 software 
was used to run unpaired, two-tailed t tests for analysis of statistically 
significant differences.

Expression constructs
GFP-CKA corresponding to isoforms PA, PB, PC, and PD was used 
for all cultured cell experiments except the Flag-CKA coimmunopre-
cipitate of GFP-CKA, which corresponded to isoform PE. To make 
pUAST-EGFP-Cka (corresponding to CKA protein isforms PA, PB, 
PC, and PD), Cka was digested out of pCEFL-Cka (a gift from S. Hou) 
with BamHI–XbaI, and EGFP was PCR amplified to incorporate 5′ 
EcoRI–3′ BamHI sites for digestion. Both the Cka and EGFP frag-
ments were subcloned into pBS KS+ cut with EcoRI–XbaI. EGFP-Cka 
was then subcloned out of pBS KS+ and into pUASTattB by an EcoRI 
digest, and the orientation was confirmed. To make pUAST-EGFP-Cka 
(corresponding to CKA-PE), Cka was PCR amplified from the cDNA 
clone MIP15828 (obtained from the Drosophila Genomic Resource 
Center) to incorporate a 5′ BamHI and 3′ NotI site. This was subcloned 
into pUASTattB cut with EcoRI–NotI along with the EGFP fragment 
cut with EcoRI–BamHI. The resulting clone was sequence verified. To 
create the pUAST-EGFP-CkamutLIR2 and pUAST-EGFP-CkaΔPP2A mu-
tant constructs, PCR site-directed mutagenesis was used on the pBS 
KS+ EGFP-Cka clones (corresponding to protein isoforms PA-PD and 
PE) to mutate the phenylalanine (F) 315 and leucine (L) 318 within the 
FxxL LIR motif to alanine (A) or to mutate the arginine (R) 150 and 151 
to serine (S) or glutamate (E), respectively. The resulting clone was ver-
ified by sequencing and subcloned out of pBS KS+ and into pUASTattB 
by an EcoRI digest. The orientation of the insert was confirmed. To 
create the Flag–Pp2A-29B construct, the RE28669 EST clone (Bloom-
ington Drosophila Genome Project) was used. PCR site-directed muta-
genesis was used to add a basepair (cytosine) at 917 that was missing in 
the clone. Pp2A-29B was then PCR amplified to incorporate a 5′ NotI 
and 3′ XbaI site. The Pp2A-29B PCR product was digested with NotI–
XbaI and subcloned into the pUASTattB 3×Flag vector (Mauvezin et 
al., 2016) cut with the same enzymes. The resulting clone was verified 
by sequence analysis. To create the Flag-Cka construct (corresponding 
to the CKA-PE isoform), Cka was PCR amplified from the BFP-Cka 
clones containing a mutated 3′ UTR (described in the BFP-Cka fly 
lines section) Cka to incorporate 5′ and 3′ NotI sites. The resulting PCR 
product was digested with NotI and subcloned into the pUASTattB 
3×Flag vector (Mauvezin et al., 2016) cut with the same enzymes. The 
orientation was verified and the clone was fully sequenced.

Cka RNAi-B line and Cka RNAi-C911
To create a Cka RNAi line against a shared region of the Cka 3′ UTR, 
oligonucleotides were used to make an shRNA. The oligonucleotides 
were 5′-CTA GCA GTG CGA GTT CGA GTT AAA TAA TTT AGT TAT 
ATT CAA GCA TAA ATT ATT TAA CTC GAA CTC GCG CG-3′ and 5′- 
AAT TCG CGC GAG TTC GAG TTA AAT AAT TTA TGC TTG AAT ATA  
ACT AAA TTA TTT AAC TCG AAC TCG CAC TG-3′. To create the 
shRNA Cka RNAi-C911 off-target control line (Mohr et al., 2014), 
replacing bases 9–11 with their complementary bases to destroy per-
fect matching to Cka but leaving the siRNA seed region intact, the oli-
gonucleotides were 5′-CTA GCA GTG CGA GTT CGA CAA AAA TAA  
TTT AGT TAT ATT CAA GCA TAA ATT ATT TTT GTC GAA CTC GCG  
CG-3′ and 5′-AAT TCG CGC GAG TTC GAC AAA AAT AAT TTA TGC 
 TTG AAT ATA ACT AAA TTA TTT TTG TCG AAC TCG CAC TG-3′. The 
pairs of oligonucleotides were annealed in buffer containing 10 mM 

Tris-HCl, pH 6.5, 0.1 M NaCl, and 1 mM EDTA, and the annealed 
product was digested with NheI–EcoRI and cloned into pValium20 
(DF/HCC Plasmid Resource Core) digested with the same enzymes. 
The resulting clone was verified by sequencing. PhiC31 integrase- 
mediated transgenesis was used to generate transgenic lines using 
the attP40 site by BestGene Inc.

BFP-Cka fly lines
To create the UAS-BFP-Cka and UAS-BFP-CkaΔPP2A fly lines, the 
cDNA clone MIP15828 (corresponding to CKA protein isoform PE) 
was obtained from the Drosophila Genomic Resource Center, and Cka 
was PCR amplified to retain the 3′ UTR sequence, incorporating 5′ 
BamHI and 3′ NotI sites. This PCR product was then subcloned into the 
pBS KS+ vector after digesting with BamHI–NotI. The resulting clone 
was used to mutate the PP2A binding site in CKA (changing amino 
acids R150S and R151E) using site-directed mutagenesis. BFP was 
PCR amplified to incorporate a 5′ EcoRI site and 3′ BamHI site from 
fly DNA obtained from the fly stock (lexAop-UAS-TagBFP.CAAX.k) 
77B/TM6B,Tb; Bloomington Drosophila Stock Center). Cka and 
CkaΔPP2A were subcloned out of pBS KS+ by a BamHI–NotI digest and 
subcloned into the pUASTattB vector digested with EcoRI–NotI along 
with the BFP PCR product digested with EcoRI–BamHI. The resulting 
clones of pUASTattB-BFP-Cka and pUASTattB-BFP-CkaΔPP2A were 
sequence verified. The 3′ UTR sequence of the pBS KS+ Cka clone was 
mutated to change 9 of the 21 base pairs targeted by the CkaRNAi-B 
shRNA line. An NdeI–NotI fragment containing the mutated 3′ UTR 
was then subcloned into the pUASTattB-BFP-Cka and pUASTattB-
BFP-CkaΔPP2A constructs that had been digested with NdeI–NotI to 
remove the original 3′ UTR sequence. At each step in the subclon-
ing process, the resulting clone was verified by sequencing. PhiC31 
integrase-mediated transgenesis was used to generate transgenic lines 
using the attP2 site by BestGene Inc.

GST fusion proteins
Atg8a was PCR amplified from pUAST-mCh-Atg8a adult fly genomic 
DNA to incorporate 5′ BamHI and 3′ XhoI sites. This PCR product was 
then subcloned into pGEX-KText vector digested with the same en-
zymes. The resulting clone was sequence verified. GST and GST-Atg8a 
(pGEX-KText and pGEX-KText-Atg8a) proteins were expressed and 
purified from BL21 cells in salty TE buffer (150 mM NaCl, 10 mM 
Tris, pH 8.0, and 1 mM EDTA, pH 8.0) containing 0.2 mg/ml lysozyme, 
CellLytic B (Sigma-Aldrich), 50 U/ml benzonase nuclease (Sigma- 
Aldrich), and EDTA-free cOmplete protease inhibitor cocktail (Roche) 
and bound to glutathione Sepharose 4B beads (GE Healthcare).

MBP fusion proteins
Atg8a was digested out of pGEX-KText-Atg8a using a BamHI–XhoI 
digest and subcloned into the pMAL-cRI vector digested with BamHI–
SalI. The resulting clone was verified by a BamHI–PstI digest. MBP 
and MBP-Atg8a (pMAL-cRI and pMAL-cRI-Atg8a) were expressed 
and purified from BL21 cells in salty TE buffer containing 10 mg/ml 
lysozyme, 50 U/ml benzonase nuclease, and EDTA-free cOmplete 
mini protease inhibitor cocktail and bound to amylose resin (New 
England Biolabs, Inc.).

SUMO-6×His fusion proteins
Full-length Cka and Cka fragments were PCR amplified using pUAST-
EGFP-Cka (corresponding to protein isoforms PA, PB, PC, and PD) as 
a template, with primers to incorporate 5′ AarI and 3′ XbaI sites and, 
when necessary, a start codon (CKA 166–END) or stop codon (CKA 
1–300, CKA 1–400, and/or CKA 1–466). These PCR products were 
then digested with AarI and XbaI and subcloned into the pE-SUMO 



JCB • Volume 216 • NumBer 2 • 2017458

vector digested with BsaI. The resulting clones were sequence verified. 
SUMO-6×His fusion proteins were expressed and purified from BL21 
cells in salty TE buffer containing 20 mM imidazole, pH 7.5, CellLytic 
B, and 50 U/ml benzonase and bound to nickel–nitrilotriacetic acid 
agarose beads (QIA GEN). The fusion proteins were eluted off in salty 
TE buffer containing 200 mM imidazole, pH 7.5.

Immunoprecipitations
For dynein coimmunoprecipitation experiments, 8.0 × 106 S2 cells 
were transfected with actin-Gal4 and UAS-EGFP-Cka using dimeth-
yldioctadecyl-ammonium bromide (Sigma-Aldrich) at 250 µg/ml 2 d 
after transfection. Cells were harvested and lysed in PMEG buffer con-
taining 100 mM Pipes, 5 mM MgOAc, 5 mM EGTA, 0.1 mM EDTA, 
0.5  mM DTT, 0.9  M glycerol, 0.1% Triton X-100, and EDTA-free  
cOmplete protease inhibitor cocktail. Immunoprecipitation reactions 
were performed at 4°C for 2 h. Antibodies used for immunoprecipi-
tations were mouse anti-dynein intermediate chain (74.1; EMD Milli-
pore) and mouse anti-dynein heavy chain, P1H4 (McGrail and Hays, 
1997). For Flag-Pp2A coimmunoprecipitation experiments, S2 cells 
were transfected with actin-Gal4 and UAS-3×Flag–Pp2A-29B with 
UAS-GFP-Cka, or UAS-GFP-CkaLIR2, or UAS-GFP-CkaΔPP2A, and UAS- 
CkaRNAi-B and Cka double-stranded RNA as described above for cell 
transfections of actin-Gal4 and UAS-EGFP-Cka. Flag immunoprecipi-
tations were performed using Flag M2 agarose beads (Sigma-Aldrich) 
2 d after transfection. Cells were harvested and lysed in a buffer con-
taining 50 mM Hepes, 150 mM NaCl, 0.5 mM EGTA, 0.9 M glycerol, 
0.1% Triton X-100, 0.5 mM DTT, and EDTA-free cOmplete protease 
inhibitor cocktail. Immunoprecipitation reactions were performed at 
4°C for 2 h. 2% of the input of each reaction was loaded onto the gel.

GST pull-downs
For GST pull-downs of S2 cell lysates, 8.0 × 106 S2 cells were trans-
fected with actin-Gal4 and UAS-EGFP-Cka or UAS-EGFP-CkamutLIR2. 
2 d after transfection, cells were lysed in the buffer used for immu-
noprecipitations with 1% Triton X-100. Lysates were divided in half 
and put onto GST- or GST-Atg8a–bound beads. Binding reactions were 
performed at 4°C for 2 h. 2% of the input for each reaction was loaded 
onto the gel. For GST pull-downs of purified fusion proteins, eluted 
fusion proteins were diluted in salty TE buffer with a final concentra-
tion of 0.1% Triton X-100. An equal concentration of imidazole was 
maintained in all reactions being compared. Equal volumes of protein 
samples were put onto GST- or GST-Atg8a–bound beads. Binding re-
actions were performed at 4°C for 2 h. 3% of the input of each reaction 
was loaded onto the gel.

Larval brain lysates
Third instar wandering larval brains were dissected in PBS and lysed 
directly in 1× SDS protein gel sample buffer containing EDTA-free 
cOmplete protease inhibitor cocktail. Per every 15 brains, 20 µl of buf-
fer was used for lysis. Lysis was performed by pipeting the sample 
up and down and then boiling for 5 min. 10 brain equivalents were 
loaded per well per genotype.

λ-phosphatase treatment
S2 cells were plated at a density of 8.0 × 106 cells and used 2 d later 
for immunoprecipitation of endogenous CKA using a rabbit anti-CKA 
antibody (a gift from W. Du, University of Chicago, Chicago, IL). As a 
control, cells were transfected with pAc-Myc-hpo (Wu et al., 2003) and 
pAGW-yki (actin promoter, N-terminal GFP tag; a gift from R. Fehon, 
University of Chicago, Chicago, IL) and immunoprecipitated using a 
rabbit anti-GFP antibody (Molecular Probes). 140 late third instar lar-
val brains were dissected in PBS and used for immunoprecipitation 

of endogenous CKA using a rabbit anti-CKA antibody (a gift from 
W. Du). The lysis buffer used was as follows: 50 mM Hepes, 150 mM 
NaCl, 0.5  mM EGTA, 0.9  M glycerol, 0.1% Triton X-100, 0.5  mM 
DTT, EDTA-free cOmplete protease inhibitor cocktail, and PhosSTOP 
protein phosphatase inhibitors (Sigma-Aldrich). Immunoprecipitation 
reactions were performed at 4°C for 2 h. Immunoprecipitation reations 
were washed twice with 1× NEBuffer for protein metallophospho-
tases (New England Biolabs, Inc.) containing 1 mM MnCl2 before λ- 
phosphatase treatment. The bead volume was split in half, and half the 
beads were treated with 400 U λ-phosphatase (New England Biolabs, 
Inc.) at 30°C for 45 min.

Okadaic acid treatment
S2 cells were plated at a density of 2.7 × 106 cells and transfected 
with actin-Gal4 and UAS-GFP-Cka (corresponding to CKA PA-PD or 
CKA-PE) or were untransfected. 2 d after plating, cells were treated for 
3 h with 1 µM okadaic acid in DMSO or the same volume of DMSO. 
Cells were then harvested and lysed in 2× SDS protein sample buffer.

Immunoblotting
7.5% or 10% SDS-PAGE gels or 4–15% mini-PRO TEAN TGX gels 
(Bio-Rad Laboratories) were transferred onto nitrocellulose. Anti-
bodies were used at the following concentrations: rabbit anti-CKA, 
1:2,000 (a gift from W. Du); mouse anti–α-tubulin, 1:2,000 (DM1A; 
Sigma-Aldrich); goat anti-GST, 1:1,000 (Pharmacia); mouse anti-poly-
His, 1:3,000 (HIS-1; Sigma-Aldrich); rabbit anti-GFP, 1:2,000 (Molec-
ular Probes); rat anti-Strip, 1:500 (a gift from T. Chihara, University of 
Tokyo, Tokyo, Japan); mouse anti-dynein intermediate chain, 1:2,000; 
mouse anti-Flag, 1:20,000 (M2; Sigma-Aldrich); and rabbit anti-tRFP, 
1:1,667 (recognizes TagBFP; Evrogen). Fluorescently labeled second-
ary antibodies IR800CW and IR680RD (LI-COR Biosciences) were 
used at 1:5,000. Images of blots were obtained using Image Studio soft-
ware (version 3.1; LI-COR Biosciences).

Cka double-stranded RNA
Double-stranded RNA against the 3′ UTR of Cka was prepared using 
PCR products as a template. Double-stranded RNA was prepared using 
the MEG ASC RIPT T7 transcription kit (Thermo Fisher Scientific). 
Primers used were forward, 5′-TAA TAC GAC TCA CTA TAG GGA GAA 
AGA GGC GAG ACG AGA CGA GA-3′, and reverse, 5′-TAA TAC GAC 
TCA CTA TAG GGA GAT TAT TAT TGT ATG CAT ATA ATTG-3′.

GeneSwitch neuronal depletion of CKA
The elav-Switch.O line was crossed to UAS-CkaRNAi-B C911, 
UAS-CkaRNAi-B, UAS-CkaRNAi-B; UAS-BFP-Cka, or UAS-Cka-
RNAi-B; UAS-BFP-CkaΔPP2A. 200 µl of 0.6-mg/ml mifepristone (RU-
486; Sigma-Aldrich) dissolved in 100% EtOH or 200 µl of 100% EtOH 
was mixed with 6 ml of standard cornmeal agar food for a final concen-
tration of 20 µg/ml. Eggs were collected on juice plates, and 50 early 
third instar larvae (72 h after egg laying) were put into each vial. 100 
larvae for each genotype were collected for each day of the experiment, 
which was performed over 3 d.

Online supplemental material
Fig. S1 compares the number of GFP-positive Atg8a puncta in termi-
nal boutons for control animals versus animals depleted of a V-ATPase 
subunit, Cka transcripts and the predicted protein isoform mobilities, 
and immunoblots showing the levels of CKA protein in neurons versus 
glia. Fig. S2 shows plots for the number of autophagosomes per axon 
pair in control larvae by comparison to autophagosomes present in lar-
val axons after depletion of CKA or dynein, the transport dynamics of 
autophagosomes in syx17LL heterozygous and homozygous larvae, and 
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the anterograde flux of autophagosomes in control animals versus ani-
mals that were depleted of CKA or dynein. Fig. S3 displays immuno-
blots characterizing the capacity of Flag-CKA to coimmunoprecipitate 
with GFP-CKA, GFP-CKAmutLIR2, or GFP-CKAΔPP2A; immunoblots 
characterizing the capacity of MBP-Atg8 to bind and immunoprecipi-
tate GFP-CKA, but not GFP-CKAmutLIR2; a table documenting the mean 
numbers of motile DCVs present in control larvae and larvae depleted 
of CKA, Mob4, Strip, or dynein; and images of DCVs in axonal jams 
of larval axons in which CKA or dynein was depleted by RNAi. Fig. 
S4 includes a table of the mean numbers of motile mitochondria in con-
trol and experimental larvae depleted of dynein (dhc64c), CKA, Mob4, 
and Strip; immunoblots reporting the reduced ability of the mutant 
GFP-CKAΔPP2A to immunoprecipitate with Flag-Pp2A-29B by com-
parison to GFP-CKA and GFP-CKAmutLIR2 as well as the protein levels 
of BFP-CKA and BFP-CKAΔPP2A in larval brain lysates; and a table of 
the mean numbers of motile DCVs for CKA depletion and CKA rescue 
experiments. Video 1 compares uninduced (vehicle control) Drosoph-
ila with Drosophila treated with 20 µg/ml RU-486 as early third instar 
larvae to induce Cka depletion in neurons. Video 2 shows a closeup of 
adult Drosophila treated with 20 µg/ml RU-486 as early third instar 
larvae to induce Cka depletion in neurons. Video 3 shows a sequence- 
specific RNAi off-target control for Cka temporally expressed in neu-
rons. Video 4 shows temporal Cka depletion and rescue with a BFP-
Cka fusion protein in neurons. Video 5 shows temporal Cka depletion 
and rescue with a BFP-CkaΔPP2A fusion protein in neurons. Video  6 
shows a closeup of adult Drosophila treated with 20 µg/ml RU-486 as 
early third instar larvae to temporal Cka depletion and rescue with a 
BFP-CkaΔPP2A fusion protein in neurons. Table S1 lists the genotypes 
used to evaluate the data for each of the experiments.
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