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A B S T R A C T

The small GTPase Arl8 is known to be involved in the periphery-directed motility of lysosomes. However, the
overall importance of moving these vesicles is still poorly understood. Here we show that Drosophila Arl8 is
required not only for the proper distribution of lysosomes, but also for autophagosome-lysosome fusion in
starved fat cells, endosome-lysosome fusion in garland nephrocytes, and developmentally programmed secretory
granule degradation (crinophagy) in salivary gland cells. Moreover, proper Arl8 localization to lysosomes de-
pends on the shared subunits of the BLOC-1 and BORC complexes, which also promote autophagy and crino-
phagy. In conclusion, we demonstrate that Arl8 is responsible not only for positioning lysosomes but also acts as
a general lysosomal fusion factor.

1. Introduction

In eukaryotic cells, autophagy is responsible for delivering self-
material to degradative lysosomes. Double membrane-bound autopha-
gosomes can fuse with lysosomes to form degrading autolysosomes, or
with endosomes to form amphisomes, which then mature to degrading
autolysosomes by fusion with Golgi-derived vesicles or lysosomes [1,2].
Ras-related proteins in brain (Rab) are small GTPase regulators of in-
tracellular membrane trafficking and fusions. They are activated when
their bound GDP is replaced with GTP by guanine nucleotide exchange
factors (GEFs). In a GTP-bound form they recruit their effectors, for
instance tethering complexes or motor protein adaptors. Rabs are in-
activated by GTPase activating proteins (GAPs), which stimulate small
GTPases to hydrolyze their GTP [3,4]. Rab7 and Rab2 are described as
direct regulators of autophagosome-lysosome fusion [5–9]. In addition,
Rab7 and Rab2 are also required for the fusion of endosomes and se-
cretory granules with lysosomes to mediate endolysosomal degradation
and crinophagy, respectively [7,10].

The Homotypic fusion and vacuole protein sorting (HOPS) complex,
a common effector of Rab2 and Rab7, was identified in yeast as a te-
thering factor for the fusion of endosomes or autophagosomes and ly-
sosomes [11–13]. In addition several Rabs modulate autophagosome-
lysosome fusion through regulating their motility. It was shown in
animal cells that Rab7 and Rab14 regulates the positioning and fusion
of autophagosomes and lysosomes through binding to FYCO1,

PLEKHM1, RILP motor protein adaptors and Klp98a kinesin respec-
tively [14–18].

ADP ribosylation factors (Arfs) comprise another small GTPase
subfamily, which includes regulators of vesicular traffic and compart-
ment structure [19]. Among them, the extremely conserved Arf like
protein 8 (Arl8) is a resident lysosomal GTPase crucial for proper dis-
tribution of lysosomes in human cells. As overexpression of the wild
type or GTP-locked form was found to promote a more peripheral
distribution of lysosomes, both human Arl8 proteins, Arl8a and Arl8b
are described to be responsible for the outward transport of these
compartments [20,21]. Lysosomal positioning has been suggested to
regulate nutrient signaling [22]. As a lysosomal motility regulator, Arl8
is necessary for different cellular functions connected to the en-
dolysosomal system, such as antigen presentation, microbial killing,
trafficking of endocytosed cargo to lysosomes, apoptotic cell removal
and axonal transport of synaptic vesicle precursors [23–26]. A recent
study showed that Arl8 is also important for the normal functioning of
the endosomal pathway and for long-range axonal transport in Droso-
phila [27].

Arl8 is described as a lysosomal motility factor, but it remains un-
clear how it is recruited to lysosomal membranes. Arl8b has been
shown to be associated to lysosomes upon the action of BORC (BLOC-1
related complex), a lysosome associated protein complex [25,28]. An-
other possibility is that phospholipids could bind Arl8, although the
only lipid potentially associating to this protein is the Golgi-resident
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phosphatidylinositol-4-phosphate (PI4P) [29].
Besides the well-known role of Arl8 in lysosomal positioning, it has

been shown to be required for certain vesicle fusion events, that is,
endosome-lysosome fusion [24] or phagosome-lysosome fusion [23].
Importantly, Arl8 is an interaction partner of the Vps41 subunit of the
HOPS tethering complex, a known general lysosomal fusion factor
[23,26]. However, Arl8b knockdown was found to result in increased
rate of autophagosome-lysosome fusion [22]. This is a surprising ob-
servation since all the lysosomal fusion factors (Rab2, Rab7, HOPS and
Vamp7) seem to play a common role in different types of lysosomal
degradation pathways. Thus, the general versus pathway-specific role
of Arl8 in various lysosomal fusion events remains unclear, which
prompted us to analyze it in the context of autophagy, endocytosis and
crinophagy.

2. Results

2.1. Loss of Arl8 results in perinuclear positioning of lysosomes

To analyze the effect of Arl8 loss on lysosomal distribution, we first
generated GFP-marked clone cells in the fat tissue of L3 stage larvae of
fruit flies (Drosophila melanogaster), in which Arl8 was knocked down.
We verified the efficiency of the RNAi transgene by anti-Arl8 im-
munostaining, which resulted in a complete elimination of Arl8 protein
expression in knockdown cells (Fig. 1A, G). Lysotracker Red is a vital
dye that marks acidic compartments, thus it is commonly used to
analyze lysosomal acidity and distribution [30]. Lysotracker Red
staining of Arl8 knockdown clone cells detected acidic autolysosomes in
the perinuclear region (Fig. 1B, H). We next analyzed the pattern of
different reporters for lysosomes and autophagic structures in Arl8
RNAi cells. The endogenous promoter-driven reporter dLamp-
3xmCherry, which is found in late endosomal and lysosomal mem-
branes, showed a striking perinuclear accumulation of vesicles under
both fed and starved conditions (Fig. 1C, D, I, J). The common autop-
hagic reporter 3xmCherry-Atg8a (also driven by its endogenous pro-
moter) marks all autophagic structures. Using this reporter, we again
detected accumulation of perinuclear vesicles in both fed and starved
conditions (Fig. 1E, F, K, L). Altogether, these data suggest a role for
Arl8 in the periphery-directed movement of (auto)lysosomes in Droso-
phila. This is in accordance with previous data about the role of Arl8 in
mammalian cells [20,21].

2.2. Arl8 is required for autophagosome-lysosome fusion

To clarify whether the altered lysosomal distribution in Arl8
knockdown cells influences normal autophagic degradation (flux), we
performed microscopy analysis on fat tissues of starved L3 larvae
overexpressing the lysosomal reporter GFP-Lamp1, a truncated form of
human Lamp1 protein [31] and expressing 3xmCherry-Atg8a from its
endogenous promoter [6]. This combination is a useful tool for de-
tecting autophagosome-lysosome fusion defects as these two reporters
colocalize when fusion occurs normally, while separate signals are
observed in case of a fusion defect. Large overlapping structures were
observed in control cells (Fig. 2A), while Arl8 silenced cells contained
many separate, smaller vesicles that were positive for either Atg8a or
Lamp1 but not both (Fig. 2B, C). These initial observations suggest a
role for Arl8 in autophagosome-lysosome fusion.

We next analyzed the mutant Drosophila line Arl8[e00336], which
contains a PiggyBac transposable element insertion in the first intron of
Arl8/Gie [8] (referred to as Arl8[PB] hereafter). Homozygous mutant
animals exhibit slower development, die as L3 stage larvae and lack
Arl8 protein (Fig. 2D), thus this insertion causes a null mutation. We
performed immunostaining of fat bodies from starved L3 larvae for the
selective autophagy cargo p62/Ref(2)P: Arl8[PB] homozygotes accu-
mulated punctate p62 signal compared to the control tissue (Fig. 2E–G).
We confirmed these observations by Western blot analysis of samples

from starved and well fed control and Arl8[PB] larvae to determine the
levels of p62 and the autophagy protein Atg8a, which has cytosolic
(Atg8a I) and phosphatidyl-ethanolamine conjugated, autophagosome-
associated (Atg8a II) forms. Both well-fed and starved mutant animals
accumulated p62 as well as Atg8a compared to the controls (Fig. 2H).

We also performed electron microscopic analysis of fat cells from
starved and fed L3 larvae to clarify whether the observed phenotypes
are really consequences of impaired fusion versus degradation defects
inside autolysosomes. Compared to the dominance of mature auto-
lysosomes in the wild type control tissue, more autophagosomes and
fewer, smaller autolysosomes were seen in the mutant tissue (Fig. 2I, J,
S1A, B). This phenotype resembled the loss of Vps16A, a subunit of the
HOPS complex, which is known to be crucial for autophagosome-ly-
sosome fusion (Fig. 2K) [32]. Altogether these data point to defective
autophagosome-lysosome fusion in Arl8 loss-of-function cells.

2.3. Arl8 is required for endosome-lysosome fusion

Arl8 has been suggested to participate in endosome-lysosome fusion
in Caenorhabditis elegans [24], so we tested whether its loss causes any
endolysosomal defect in Drosophila. We immunostained fat tissues of L3
stage starved larvae for Rab7 and Cathepsin L, a lysosomal hydrolase, to
follow its biosynthetic trafficking to lysosomes. In the fat body, Rab7
can be readily detected on late endosomes, autophagosomes and lyso-
somes [6]. In control cells, the overlap of Rab7 and Cathepsin L was
obvious, while a clearly decreased colocalization was seen in Arl8[PB]
mutants (Fig. 3A, B), suggesting that lysosomal biosynthetic trafficking
is perturbed.

Garland nephrocytes are highly endocytic cells because they are
continuously filtering the hemolymph, and genetic perturbation of en-
dolysosomal trafficking produces very characteristic phenotypes in
these cells [33]. We analyzed the distribution of endogenous Rab7, a
predominantly late endosome-associated marker in this cell type [33],
in control and Arl8 silenced garland nephrocytes of wandering L3-stage
larvae. Strikingly, Arl8 knockdown cells possessed much larger Rab7
compartments than control cells did (Fig. 3C–E). We further verified
this observation by electron microscopic analysis. The ultrastructure of
garland cells shows typical compartments referred to as α and β va-
cuoles, which correspond to late endosomes and lysosomes, respec-
tively [33]. In control cells, the largest endosomal compartments are
the α vacuoles, and smaller β vacuoles are seen closer to the perinuclear
region (Fig. 3F). Conversely, Arl8 silenced cells contained greatly en-
larged α vacuoles, and also large aberrant structures resembling lyso-
somes (Fig. 3G), similar to what we saw in garland cells upon knock-
down of Vps39, a HOPS-specific subunit (Fig. 3H) [33].

These data suggest that Arl8 is also necessary for endosome-lyso-
some fusion and for proper lysosome biogenesis.

2.4. Arl8 is required for crinophagy

At the onset of metamorphosis, salivary glands produce glue gran-
ules to secrete glue proteins that help to attach the newly forming
puparium to a solid surface. During developmentally programmed cri-
nophagy, excess glue granules are selectively removed by direct fusion
with lysosomes to form degradative crinosomes. We recently identified
a set of factors necessary for glue granule-lysosome fusion [10]. The
importance of Arl8 for the fusion of autophagosomes and endosomes
with lysosomes prompted us to test its possible role in crinophagy using
the “GlueFlux” system, which allows the analysis of crinophagic de-
gradation [10]. In this system, GFP and dsRed tagged versions of the
glue granule protein Sgs3 are expressed, driven by the sgs3 promoter.
During normal development, glue granules fuse with lysosomes and
then the fluorescence of GFP is quenched in the acidic environment,
while the acid resistant DsRed signal is maintained. In case of problems
with fusion or degradation, both signals are maintained.

We analyzed crinophagic flux in Arl8 knockdown salivary glands at
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the puparium formation stage. During this period, massive crinophagy
occurs and most of the GFP signal is already quenched (Fig. 4A),
showing that most of the non-secreted glue granules have fused to ly-
sosomes (32.7% of the granules are still positive for GFP, n=100 cells).
In case of Arl8 silencing, most dsRed positive glue granules retained
GFP signal (87.7% of the granules, n=100 cells), indicating a problem
with crinophagic degradation (Fig. 4B).

We further strengthened this observation by analyzing wandering
L3 stage larvae expressing the previously described GFP-Lamp1 [31]
and Sgs3-dsRed, at 2 h before puparium formation. As glue granules
start to fuse with lysosomes at this stage, many of the dsRed-positive
granules are surrounded by GFP-Lamp1 in control salivary glands
(Fig. 4C) (92.8% of the granules, n=100 cells). Salivary gland-specific
knockdown of Arl8 prevented the formation of Lamp1 rings around
dsRed structures: separate dsRed-positive glue granules and Lamp1-
positive smaller punctae representing unfused lysosomes were present

in the cells (Fig. 4D) (only 7.5% of the granules were surrounded by
GFP-Lamp1, n=100 cells). Thus, Arl8 is also necessary for crinophagy
and likely plays a general role in various lysosomal fusions.

2.5. Overexpression of wild type or GTP-locked forms of Arl8 does not alter
the distribution of lysosomes in fat cells

Expression of wild type and constantly active (GTP-locked) forms of
Arl8a and Arl8b has been described to drive peripheral localization of
lysosomes, the opposite effect compared to the loss of Arl8 function
[20,21]. In order to test this in Drosophila, we generated a constitutively
active Arl8 mutant transgene carrying a Q75L amino acid point muta-
tion, driven by a Gal4-inducible UAS promoter. This position is con-
served in the different Arf family members [34,35] and locks the pro-
tein in a GTP-bound form. Gal4-mediated induction resulted in strongly
increased protein level, as expected (Fig. 2D). Arl8 was also detected at

Fig. 1. Arl8 is required for lysosomal positioning in larval fat body. (A) Verification of the Arl8 antibody and the Arl8 RNA interference efficiency on GFP marked
Arl8 knockdown cells: Arl8 silencing results in loss of anti-Arl8 signal in GFP+ clone cells. (B) Lysotracker Red staining shows perinuclear distribution of acidic
lysosomes in GFP+ Arl8 knockdown cells in starved larvae. (C, D) The lysosomal reporter dLamp-3xmCherry shows the perinuclear distribution of lysosomes in Arl8
silenced cells (marked by GFP) under both fed and starved conditions. (E, F) The autophagic reporter 3xmCherry-Atg8a dots appear in a perinuclear pattern in GFP+
Arl8 RNAi cells compared to the control cells lacking GFP, independent of nutrient status. (G-L) Quantification of data shown in A-F, respectively; n=10. Error bars
denote SE and the numbers above the clasps show p value. The Arl8 silenced clone cells are encircled by magenta in the gray scale panels in A-F. Scale bar, 20 μm for
A–F.
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elevated levels and colocalized with Lamp1 in GFP-Lamp1 marked
Arl8[Q75L] overexpressing fat cells of starved L3 larvae (Fig. S1C).

Next, we tested the effect of Arl8[Q75L] expression by generating
GFP positive fat cells overexpressing Arl8[Q75L] in L3-stage larvae. No
alteration was seen in 3xmCherry-Atg8a puncta number, size and dis-
tribution in Arl8[Q75L] expressing cells compared to the control cells
(Fig. S1D, E, H). We then analyzed Arl8[Q75L] expressing fat cells by
Lysotracker Red staining. In either starved or fed conditions, no change
could be detected in the pattern of acidic compartments (Fig. S1F, G).
We also tested whether overexpression of wild type Arl8 has any effect
on the distribution of lysosomes. Neither the pattern of 3xmCherry-
Atg8a nor Lysotracker Red punctate signals changed in Arl8 over-
expressing cell clones compared to the neighboring control cells (Fig.
S1I-M).

We then analyzed if the expression of constitutively active
Arl8[Q75L] can rescue the autophagy defect of Arl8 loss-of-function
animals. We expressed UAS-Arl8[Q75L] on an Arl8[PB] mutant back-
ground using a systemic actin-Gal4 driver. Western blot analysis showed
that the expression of Arl8[Q75L] restored normal levels of p62 in
Arl8[PB] mutants (Fig. 2D).

These data altogether suggest that Arl8 helps achieving an even
cytosolic distribution of lysosomes but it is not sufficient to move all of
them to the periphery of fat cells.

2.6. Autophagosomes fuse with Arl8 positive lysosomes

The HOPS tethering complex is a critical factor for both endosome-
lysosome and autophagosome-lysosome fusions [13,36]. Human Arl8b

Fig. 2. Arl8 is necessary for autophagosome-lysosome fusion. (A, B) In control cells, 3xmCherry-Atg8a and the lysosomal reporter GFP-Lamp1 colocalize in large dots
representing autolysosomes in starved fat cells (A). Upon Arl8 silencing, colocalization is largely lost (B). The GFP-Lamp1 expressing clone cells are encircled by
magenta in the gray scale panels in A, B. Magenta arrowheads point to overlapping dots in A, B. (C) Quantification of data shown in A, B; n=10. Error bars denote SE
and the number above the clasp shows p value. (D) Western blot analysis shows that the Arl8[PB] mutant animals lack Arl8 expression, while its level is elevated
upon Arl8[Q75L] overexpression. Note that Arl8[Q75L] expression restores the normal low levels of p62 in the mutants. (E, F) Anti-p62 immunostaining in starved L3
stage larval fat body shows strong accumulation in Arl8[PB] mutants compared to the control tissue. (G) Quantification of data shown in E, F; n=10. Error bars
denote SE and the numbers above the clasps show p value. (H) Western blot shows accumulation of the autophagic cargo p62 and both the cytosolic (Atg8a I) and
autophagic structure associated (Atg8a II) forms of Atg8a in Arl8[PB]mutants. Samples for Western blot were prepared from whole L3 stage larvae and tubulin serves
as loading control in D, H. (I–K) Ultrastructural analysis of fat cells from starved control animals reveals large, dense autolysosomes (AL) forming upon starvation (I),
while in Arl8[PB] mutants just a few, small autolysosomes but increased number of autophagosomes (AP) can be detected (J), similarly to the loss of Vps16A, a
subunit of the HOPS complex (K). Scale bar, 20 μm (A, B, E, F) and 1 μm (I–K).
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and worm Arl8 both bind to the Vps41 subunit of HOPS [23,26], thus
HOPS might be a possible candidate for recruiting Arl8 family proteins
to lysosomal membranes. SNARE (Soluble N-ethylmaleimide Sensitive
Factor Attachment Protein Receptor) complexes are obligatory factors
for membrane fusions, as they provide the necessary proximity of
membranes in order to fuse [37]. Syntaxin17 is the autophagosomal
SNARE, which is crucial for autophagosome-lysosome fusion [38,39].

To analyze whether Arl8 arrives to lysosomes via autophagosomes
similarly to Rab7 [6], we immunostained the fat tissue of L3-stage
larvae for Arl8 and Atg8a to label autophagic structures. In line with the
role of Arl8 in autophagosome-lysosome fusion, Arl8 partially over-
lapped with Atg8a presumably on autolysosomes that had recently
fused to autophagosomes (Fig. 5A). In HOPS and Syx17 mutants, where
fusion is blocked, the colocalization between Arl8 and Atg8a dis-
appeared (Fig. 5B–D), indicating that Arl8 does not arrive to lysosomes
via autophagosomes. Importantly, the Arl8 pattern remained punctate,
suggesting that the fusion machinery is not responsible for the lyso-
somal recruitment of Arl8. Interestingly, the number of Arl8 punctae
increased in HOPS and Syx17 mutant cells, which may be due to
fragmentation of the lysosomal system in the absence of certain fusion
events, as noted before [7]. The loss of HOPS resulted in a similar
perinuclear lysosomal pattern as seen in case of Arl8 loss [36], raising a
possible role for the Arl8-HOPS interaction in lysosomal motility.

2.7. Small GTPases required for lysosomal fusions are not responsible for
Arl8 recruitment

Rab small GTPases are important regulators of membrane traffic
and fusions. In autophagosome-lysosome fusion, two direct regulators
were described: Rab7 and Rab2 [5–7,9]. We decided to test the effect of
these small GTPases on Arl8 localization. We generated clone cells
marked by GFP-Lamp1 in fat tissue and immunostained these using
anti-Arl8. In control cells, GFP-Lamp1 overlaps with Arl8 on lysosomes
(Fig. S2A). The Golgi-resident Rab2 was shown to regulate endo- and
autolysosome formation [7]. Rab2 silencing did not prevent the overlap
of Arl8 with GFP-Lamp1 (Fig. S2B). Then we silenced Rab7, a late en-
dosomal and autophagosomal Rab responsible for lysosomal fusions
[6,13,40]. Again, Arl8 dots still colocalized with GFP-Lamp1 in Rab7
knockdown cells (Fig. S2C). Thus, Rab2 and Rab7 do not seem to be
responsible for Arl8 recruitment to lysosomal membranes.

2.8. Shared subunits of the BLOC-1 and BORC complexes are required for
Arl8 recruitment to lysosomal membranes

Biogenesis of Lysosome-Related Organelles Complex-1 (BLOC-1) is a
multi-subunit complex consisting of eight members (Blos1, Blos2,
Blos3, Blos4, Snapin, Pallidin, Dysbindin, Muted) and it is responsible
for the biogenesis of specialized organelles of the endolysosomal system

Fig. 3. Arl8 is required for endosome-lysosome fu-
sion. (A, B) Immunostaining of fat bodies from
starved L3 larvae for endogenous Rab7 and
Cathepsin L shows obvious colocalization on lyso-
somes: Rab7 positive rings around the lumenal
Cathepsin L can be detected (marked by magenta
arrowheads in A). In Arl8[PB] mutants, colocaliza-
tion is largely lost (B). Insets show merged images
(top), Rab7 channels (middle) and Cathepsin L
channels (bottom) enlarged from boxed areas in
main panels, marked by magenta (A, B). (C, D)
Immunostaining for endogenous Rab7 in garland
nephrocytes from wandering L3 larvae shows sig-
nificantly enlarged late endosomes in case of Arl8
silencing (D) compared to the control (C). (E)
Quantification of data shown in C, D; n=5 control
animals (total of 37 cells) and n=7 Arl8 RNAi ani-
mals (total of 30 cells), respectively. Box plots show
the data ranging between upper and lower quartiles;
medians are indicated within the boxes. Error bars
denote SE and the number above the boxes shows p
value. (F–H) Ultrastructure of garland cells from
control animals shows α vacuoles representing late
endosomes (marked by α) and lysosomes (marked by
asterisks) in F. ER, endoplasmic reticulum. Arl8 si-
lencing results in enlargement of α vacuoles and
appearance of aberrant lysosome-like structures
(marked by asterisks) in G, resembling the loss of
Vps39, a HOPS-specific subunit (H). Scale bar, 20 μm
(A–D) and 2 μm (F–H).
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[41]. BLOC-1 shares three subunits with the BORC complex: Blos1,
Blos2 and Snapin [28]. The BORC complex has been suggested to re-
cruit Arl8b to the lysosomal membranes as the loss of the core subunits
and also the BORC specific subunits (Kxd1, BORCS5/Myrlysin,
BORCS6/Lyspersin, BORCS7, BORCS8) resulted in defective Arl8b lo-
calization to Lamp1 positive structures and perinuclear accumulation of
lysosomes [28]. Thus, BORC may promote anterograde lysosomal mo-
tility by interaction with Arl8b. On the contrary, BLOC-1 specific sub-
units seemed to be dispensable for Arl8b binding and lysosomal motility
in cultured human cells [28].

We tested whether the subunits of the BLOC-1 and BORC complexes
are responsible for Arl8 localization in Drosophila fat cells. We gener-
ated GFP positive knockdown cells in early L3 stage larvae and im-
munostained the fat bodies for Arl8. The silencing of the common
subunits resulted in a decrease of punctate Arl8 pattern (Fig. 6A–F;
S3A–D), in accordance with the previously described phenotypes [28].
We also checked the pattern of the autophagic reporter 3xmCherry-
Atg8a in knockdown cells for these common subunits. The distribution
of the dots was more perinuclear in RNAi cells than in the control cells

(Fig. 6G–L), resembling the phenotype of Arl8 silencing. Interestingly,
overexpression of GTP-locked Arl8[Q75L] restored the normal pattern
of punctate 3xmCherry-Atg8a signal even in Blos1 or Snapin RNAi cells
(Fig. S3E–H), which suggests that these shared subunits of BLOC-1 and
BORC complexes contribute to proper Arl8 activity. Moreover, Arl8
may function downstream of Blos1 and Snapin based on these genetic
epistasis experiments.

Next we analyzed whether the knockdown of shared subunits also
results in a fusion defect, similarly to Arl8 loss-of-function. We gener-
ated RNAi clone cells marked by GFP-Lamp1 in 3xmCherry-Atg8a ex-
pressing fat tissue in starved early L3 stage larvae. Compared to the
control cells, silencing of the shared subunits caused decreased overlap
between the signals of the two reporters (Fig. 7). Moreover, knockdown
of Blos1, Blos2 or Snapin also prevented the fusion of GFP-Lamp1-po-
sitive lysosomes and dsRed-marked glue granules in salivary gland cells
(Fig. S4). Thus, Blos1, Blos2 and Snapin promote both autophagosome-
lysosome and secretory granule-lysosome fusion (crinophagy).

The silencing of the BLOC-1 specific subunit Dysbindin did not alter
Arl8 distribution compared to the control cells (Fig. S5A, E).

Fig. 4. Arl8 knockdown results in defective crino-
phagy. (A, B) In the salivary gland of control animals
at the time of puparium formation (0 h), a massive
degradation of glue granules can be observed in the
lysosomes based on quenching of the signal of Glue-
GFP in the acidic lysosomal lumen, while the Glue-
Red reporter maintains its signal (A). In case of Arl8
silencing, strong colocalization is observed in the
same stage due to persisting Glue-GFP signal (B). (C,
D) 2 h before puparium formation (−2 h), crino-
phagy is already initiated and the glue granules fuse
with lysosomes, thus GFP-Lamp1 can be observed as
a ring (marked by magenta arrowheads) around the
Sgs3-dsRed granules (C). Upon Arl8 knockdown,
GFP-Lamp1 does not encircle the dsRed-positive
granules but it is rather separated in small punctae
(D). Scale bars, 20 μm (A, B and C, D).
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Surprisingly, knockdown of three different BORC specific subunits also
did not perturb Arl8 localization in fat cells (Fig. S5B–D, F–H), even
though mRNA levels were clearly reduced in all cases (Fig. S5I). This
result differs from the mammalian data suggesting the importance of
BORC for Arl8 function [28] and might reflect a difference in Arl8
regulation between Drosophila and human cells. Although we cannot
exclude the possibility that residual BORC-specific gene products can
mediate Arl8 activation during incomplete knockdown conditions, our
data raise the possibility that Arl8 recruitment to lysosomes either re-
quires only the shared subunits of BLOC-1 and BORC complexes, or
both complexes contribute to Arl8 function in Drosophila fat cells.

3. Discussion

In this study we report that the small GTPase Arl8 is necessary for
the even cytosolic distribution of lysosomes in Drosophila fat cells. Arl8
has been described as a factor promoting lysosomal motility in mam-
malian and Drosophila cells [20,21,42], but the functional importance
of lysosome positioning remained unclear. Interestingly, in contrast to
these studies, an overexpressed GTP-locked form of Arl8 did not move
lysosomes to the periphery of fat cells. The Q75L mutation likely results
in constitutive activity, as this position is conserved among all of the Arf
family proteins [34,35]. It is possible that in Drosophila fat cells in vivo,
the motility of lysosomes is different from that in cultured human
cancer cells. We propose that Arl8 functions in distributing the lyso-
somes evenly throughout the cytosol, which obviously requires per-
ipheral movement as well. Together with HOPS, Arl8 may be especially
critical for the periphery-directed movement of autophagic structures
and lysosomes, hence their loss results in perinuclear clustering of these
vesicles in Drosophila fat cells [36]. Interestingly, the perinuclear clus-
tering of lysosomes in Arl8 knockdown cells was more obvious upon fed
conditions than in starved animals. This is in accordance with a recent
study suggesting that amino acid depletion on its own facilitates jux-
tanuclear redistribution of lysosomes in control cultured human cells
[43].

We now identify Drosophila Arl8 as a necessary factor for proper
lysosomal degradation, by mediating autophagosome-lysosome and
endosome-lysosome fusions. In line with this, worm Arl8 is also im-
portant for endosome-lysosome or phagosome-lysosome fusions

[24,26], and a recent paper reports similar findings in Drosophila [8].
Importantly, Arl8 is also necessary for crinophagy, the selective re-
moval of excess glue granules via fusion with lysosomes in the salivary
gland. Worm and human Arl8 proteins bind to the Vps41 subunit of the
HOPS complex, a general tethering factor for lysosomal fusions [23,26]
and it may help the assembly of this complex on lysosomal membranes
[42]. However, another study showed that nutrient deprivation leads to
perinuclear lysosomal positioning and reduces human Arl8b levels on
lysosomes. Arl8b knockdown was found to increase the rate of autop-
hagosome-lysosome fusion [22]. Further studies will be necessary to
clarify how human Arl8 homologs act in autophagosome-lysosome fu-
sion.

The role of lysosomal motility and its connection to fusions is not
clear. A possible explanation is that Arl8 increases the chance of ve-
sicles meeting each other. This hypothesis is strengthened by the ob-
servations that Rab7, a late endosomal and autophagosomal protein,
binds dyneins through its effectors [14,18]. As Arl8a/b are known to
bind kinesins either directly or indirectly [44–46], it seems to be a lo-
gical conclusion that the vesicles to be fused would arrive from opposite
directions along the microtubules. Interestingly, the adaptor proteins
PLEKHM1 and PLEKHM2 were found to compete for Arl8b, which re-
sults in either plus- or minus-end directed transport of the lysosomes
[47]. Importantly, a recent paper showed that Arl8 interacts with
CG11448, the Drosophila ortholog of RILP [27]. RILP is a known Rab7
effector and it recruits dynein motor proteins to late endosomes and
lysosomes [14]. This suggests that Arl8 could also contribute to the
retrograde transport of lysosomes.

An important question is how Arl8 is recruited to lysosomal mem-
branes. Arl8 lacks the myristoylation site typical for Arfs - it has an
acetylation site instead. Human Arl8b can indeed be acetylated [21],
possibly by the shared BORC/BLOC-1 subunit Blos1 [48] and this
modification is necessary for lysosomal localization [49]. Although a
recent in vitro fusion study suggested that human Arl8 proteins are
recruited by phosphatidylinositol-4-phosphate, this phospholipid is
prevalent in Golgi membranes rather than lysosomes [29].

The lysosomal protein complex BORC (BLOC-1 related complex) has
been found to bind Arl8b and to mediate kinesin-dependent movement
to the peripheral direction in human cells [28]. However, we found that
only the subunits shared with the BLOC-1 complex (Blos1, Blos2 and

Fig. 5. Autophagosomes fuse with Arl8 positive ly-
sosomes. (A–D) Atg8a-Arl8 double immunostaining
of fat tissue from L3 stage larvae reveals colocalizing
dots (A) likely representing recent fusion events be-
tween autophagosomes and lysosomes, respectively,
while in the Syntaxin17 (B) and Vps11 and Lt HOPS
subunit mutants (C, D) no overlapping signal is seen.
Insets show merged images (top), Atg8a channels
(middle) and Arl8 channels (bottom) enlarged from
boxed areas of representative main panels, marked
by magenta (A–D) and colocalizing dots are marked
by magenta arrowheads in A. Scale bar, 20 μm
(A–D).
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Snapin) are important for proper Arl8 distribution, but not the specific
subunits of BLOC-1 and BORC. These data suggest either the presence of
a separate core complex consisting of the common subunits of the
BLOC-1 and BORC complexes, or the importance of both complexes in
recruiting Arl8 to lysosomes in Drosophila fat cells (Fig. 8). Interest-
ingly, overexpression of the GTP-locked form of Arl8 was found to
rescue the perinuclear lysosomal redistribution both in Blos1 and
Snapin loss-of-function cells, pointing to their potential role in acti-
vating Arl8 on the surface of lysosomes. Accordingly, all three shared
subunits were also found to promote autophagosome-lysosome fusion
and secretory granule-lysosome fusion, similar to Arl8.

4. Conclusions

Taken together, in this work we identify Arl8 as a general factor
promoting all kinds of lysosomal fusions observed during the de-
gradative pathways of autophagy, endocytosis and crinophagy. While
the loss of Arl8 results in perinuclear clustering of these vesicles,
overexpressing a GTP-locked mutant form fails to move lysosomes to
the periphery of Drosophila fat cells, suggesting that it is necessary but

not sufficient for their outward movement. Finally, we find that the
shared subunits of the BORC and BLOC-1 complexes are required for
punctate (lysosomal) localization of Arl8 and they promote autopha-
gosome-lysosome fusion and secretory granule-lysosome fusion.

5. Materials and methods

5.1. Fly work

Flies were kept on standard medium consisted of cornmeal, sucrose
and yeast in glass tubes. For starvation experiments, well-fed L3 stage
larvae were floated in 20% sucrose solution for 4 h. The Arl8[e00336]
PiggyBac insertion line [8,50] (FlyBase ID: FBst0017846), the w1118 line
(used as control) (FlyBase ID: FBst0003605), the Sgs3-GFP reporter [51]
(FlyBase ID: FBst0005884), the RNA interference line for Snapin
(27541) (FlyBase ID: FBst0027541) and the actin5C-Gal4 line (FlyBase
ID: FBti0076553) were obtained from the Bloomington Drosophila
Stock Center (BDSC), Bloomington, IN, USA. The RNA interference lines
for Arl8 (7891R-2) (FlyBase ID: FBal0275763), Blos1 (30077R-1)
(FlyBase ID: FBal0273279), Blos2 (RNAi/2; 14145R-3) (FlyBase ID:

Fig. 6. Shared subunits of BLOC-1 and BORC complexes are required for Arl8 recruitment to membranes. (A–C) Immunostaining of fat bodies from starved early L3
stage larvae using anti-Arl8 shows strongly reduced punctate localization in GFP-marked knockdown cells for Blos1 (A), Blos2 (B) and Snapin (C). (D–F)
Quantification of data shown in A-C; n=10. Error bars denote SE and the numbers above the clasps show p value. (G–I) The autophagic reporter 3xmCherry-Atg8a
shows more perinuclear distribution in the GFP-marked knockdown cells for Blos1 (G), Blos2 (H) and Snapin (I) compared to the surrounding GFP-negative control
cells. (J-L) Quantification of data shown in G-I; n=10. Error bars denote SE and the numbers above the clasps show p value. The silenced clone cells are outlined in
magenta in A-C and G–I. Scale bar, 20 μm (A–C and G–I).
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FBal0271764), Dysbindin (6856R-1) and BORCS6 (17180R-1) (FlyBase
ID: FBal0272539) were obtained from the Fly Stocks of National In-
stitute of Genetics (Nig-Fly), Mishima, Japan. The stocks
Syx17[LL06330] [39] (FlyBase ID: FBst0319577), lt[LL07138] [33]
(FlyBase ID: FBst0328511) and Vps11[LL06553] [52] (FlyBase ID:

FBst0320442) were obtained from Drosophila Genomics and Genetic
Resources (DGGR), Kyoto, Japan. The RNA interference lines for Rab2
(34767) (FlyBase ID: FBst0460794), Rab7 (40337) (FlyBase ID:
FBst0463506), Blos1 (RNAi/2; 25,568) (FlyBase ID: FBst0455962),
Blos2 (107449) (FlyBase ID: FBst0479270), BORCS5 (31570) (FlyBase
ID: FBst0459090), BORCS7 (15361) (FlyBase ID: FBst0451815) and
Vps39 (40425) (FlyBase ID: FBst0463551) were obtained from Vienna
Drosophila Resource Center (VDRC), Vienna, Austria. The mutant line
Vps16A[d32] was previously generated by our laboratory [36].

For expressing the UAS driven RNAi constructs, the UAS-Arl8 and
the UAS-Arl8[Q75L] transgene in GFP positive clone cells, we used the
following stocks: hs-Flp [22]; UAS-GFP; Act > CD2 > Gal4, UAS-Dcr2
for generating clone cells without any reporters; hs-Flp [22]; dLamp-
3xmCherry, UAS-GFP; Act > CD2 > Gal4, UAS-Dcr2 and hs-Flp [22];
3xmCherry-Atg8a, UAS-GFP; Act > CD2 > Gal4, UAS-Dcr2 for gen-
erating clone cells which express also reporters [6]. For generating GFP-
Lamp1-positive clone cells, we used the line hs-Flp [22]; UAS-GFP-
Lamp1; Act > CD2 > Gal4, UAS-Dcr2 (the GFP-Lamp1 reporter was
kindly provided by Helmut Krämer) [31,36]. For the colocalization
assay between Lamp1 and Atg8a, we used the stock hs-Flp [22];
3xmCherry-Atg8a, UAS-GFP-Lamp1; Act > CD2 > Gal4, UAS-Dcr2. For
the garland cell experiments (fluorescent and electron microscopy) we
used pros-Gal4 (FlyBase ID: FBal0052375) (obtained from BDSC). For
experiments on salivary glands, we used the “GlueFlux” system (sgs3-
Glue-GFP, sgs3-Glue-dsRed; fkh-Gal4) and UAS-GFP-Lamp1, sgs3-Glue-
dsRed; fkh-Gal4 [10]. The Sgs3-dsRed reporter was provided by Andrew
Andres, University of Nevada, Las Vegas, NV [53]. The fkh-Gal4 was
provided by Eric Baehrecke, University of Massachusetts Medical

Fig. 7. Shared subunits of BLOC-1 and
BORC complexes are required for proper
autophagosome-lysosome fusion. (A–D) In
starved fat cells, 3xmCherry-Atg8a and
GFP-Lamp1 colocalizes in controls (A),
while upon knockdown of Blos1 (B), Blos2
(C) or Snapin (D), the overlap is reduced.
The clone cells are encircled by magenta in
the gray scale panels in A–D. Magenta ar-
rowheads point to overlapping dots in A–D.
Scale bar, 20 μm for A–D. (E) Quantification
of data shown in A–D; n=10. Box plots
show the data ranging between upper and
lower quartiles; medians are indicated
within the boxes. Error bars denote SE and
the numbers above the boxes show p value.

Fig. 8. A model of Arl8 function. Arl8 recruitment to mature lysosomes is
promoted by the shared subunits of BLOC-1 and BORC complexes. Arl8 med-
iates the kinesin-dependent anterograde movement of vesicles along micro-
tubules. Arl8 also binds to the HOPS complex, which helps vesicle fusion by
tethering autophagosomes, late endosomes and secretory granules to the lyso-
somes. Thus Arl8 is an important general factor for lysosomal distribution and
fusions.
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School, Worcester, MA [54]. The UAS-Arl8 line was kindly provided by
Sean Munro, MRC Laboratory of Molecular Biology, Cambridge, UK
[27].

5.2. Molecular genetics

For generating a constantly active Arl8 protein form, the entire
protein coding sequence of Drosophila Arl8 was synthesized containing
a CTG triplet instead of the wild type CAA in the 223-225th positions,
resulting in a Q75L mutation in the protein (Thermo Fisher Scientific).
Then we amplified the Arl8[Q75L] coding sequence by using the pri-
mers AGTCAGAATTCGCGGCCGCATGTTGGCCCTCATCAACAGGA and
AGTCAGAATTCGGTACCTAACGACTTTGGCTTTTCGAATGTTG. The re-
sulting PCR product was cloned as a NotI-Acc65I fragment into a UAS-
attB-vermilion vector created by our group, after the end of the UAS
sequence. This construct was inserted by site specific recombination to
platform chromosome carrying fruit flies. As a marker of the insertion,
we used a vermilion transgene. To create the UAS-attB-vermilion vector, a
SphI-StuI fragment carrying a 5xUAS sequence was cloned from a
pUAST plasmid into a pBFv-U6.2B vector (containing attB and vermi-
lion) digested by SphI and HpaI.

For determining RNA levels, we expressed UAS-RNAi constructs by
tub-Gal4 and isolated RNA from wandering L3 stage larvae using Direct-
zol RNA MiniPrep Plus kit (Zymo Research). We performed RT-PCR on
the isolates using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) followed by PCRs using the following primers:
CGGAGAATCTGCAACAGCAATATC and GGTTTGAATTTTTGTCAGCT
GGC (for Dysbindin), AAACGACGCGGAGTTGGTCAT and GCTGATGC
GATATGCTCCGAATCT (for BORCS5), AATTCCGTTCCTGGCTCAGTA
TCC and CCAGCCGCTTGATCTGCCTTATG (for BORCS6), CCAGTTCA
AGTGCTCGGCATTTAT and CATCTTTCCATGGCCGTCACC (for
BORCS7). The PCR products were run on a 2% agarose gel. Actin,
amplified by the primers CAGCGAAAGTGTTGATTTGG and AGGGCGT
AACCCTCGTAGAT (Act87E), served as control.

5.3. Histology

For LTR staining, we dissected fat bodies from fed or 4 h starved L3
stage larvae and incubated them for 5min in 100 nM LTR (Invitrogen)
diluted in phosphate-buffered saline (PBS). Then we transferred the
specimens to mounting solution (0.2 μg/ml 4′,6-diamidino-2-pheny-
lindole (DAPI) as nuclear dye in 1:1 mixture of PBS and glycerin). For
immunostaining, we dissected fat bodies from 4 h starved L3 stage
larvae and fixed for 40min in 3.7% paraformaldehyde in PBS at room
temperature. Then the specimens were washed for 2×15min in PBS,
incubated for 20min in PBTX buffer (0.1% Triton X-100 in PBS) and for
30min in 5% bovine serum–containing PBTX. Then specimens were
transferred to primary antibody solution diluted in 5% bovine ser-
um–containing PBTX and incubated overnight at 4 °C. After 15min of
washing in 4% NaCl solution in PBTX, specimens were washed in PBTX
for 2×15min and incubated in 5% bovine serum–containing PBTX for
30min. Then they were transferred to the secondary antibody solution
diluted in 5% bovine serum–containing PBTX for 3 h at room tem-
perature. Then they were washed in 4% NaCl (also containing 0.2 μg/
ml DAPI) in PBTX and incubated in PBTX for 2× 15min and in PBS for
2× 15min. Finally, specimens were mounted in Vectashield (Vector
Laboratories). Immunostaining of garland nephrocytes of wandering L3
stage larvae was performed as described previously [33].

We used the primary antibodies monoclonal mouse anti-Rab7 (1:10)
(DSHB) and polyclonal rabbit anti-Arl8 (1:300) (DSHB), rabbit anti-
Cathepsin L (1:100) (Abcam), rat anti-Atg8a (1:300) [39], rabbit anti-
p62 (1:2000) [55], chicken anti-GFP (1:1500) (Invitrogen) and the
secondary antibodies Alexa Fluor 488- and 568-conjugated anti-rabbit,
anti-mouse, anti-rat and anti-chicken (all 1:1500) (Invitrogen).

5.4. Imaging and statistics

Pictures were taken with a Zeiss Axio Imager M2 microscope
equipped with an Apotome2 confocal unit using EC Plan-Neofluar
40×/0.75 Air or Plan-Apochromat 40×/0.95 Air objectives, Orca
Flash 4.0 LT sCMOS camera (Hamamatsu Photonics) and ZEN 2.3
software (Zeiss).

We quantified fluorescent structures from original, unmodified
pictures using ImageJ (National Institutes of Health, Bethesda, MD).
The threshold was set manually by the same person working in a
darkroom. For evaluating colocalization, we calculated Pearson's coef-
ficients by ImageJ. For evaluating endosome sizes in garland cells, the
diameters were measured by hand in ImageJ. For quantifying the dis-
tribution of lysosomes, the cytoplasm of the cells were split into two
areas half-way between the edge of the nucleus and the cell membrane
and the dots were counted in both domains. Then the ratio of peri-
nuclear vs peripheral dot numbers was calculated. The data were then
imported to SPSS Statistics (IBM) and tested for normality of data dis-
tribution. Then p-values were calculated with the appropriate statistical
tests: two-tailed, two-sample, unequal variance t-test or Mann-Whitney
(U) test for pairwise comparison of normal or non-normal distribution
data, respectively. Kruskal-Wallis test was used for determining p values
in Fig. 7E. N refers to the number of animals analyzed per genotype
(usually one randomly selected cell or cell pair in case of mosaic ani-
mals, unless otherwise noted) in each experiment.

5.5. Western blot

Western blotting was performed as described before [39,55]. We
used the primary antibodies rabbit anti-p62 (1:3000) [55], rabbit anti-
Atg8a (1:3000) [39], rabbit anti-Arl8 (1:3000) (DSHB) and monoclonal
mouse anti-Tubulin (1:2000) (DSHB). Secondary antibodies were al-
kaline phosphatase–conjugated anti-rabbit and anti-mouse (both
1:5000) (Sigma-Aldrich). Western blots were performed in duplicates.

5.6. Electron microscopy

Dissected fat bodies of fed or 4 h starved L3 stage larvae and garland
cells of wandering L3 larvae were processed for ultrastructural analysis
as before [33,39]. Images were taken by a JEOL JEM-1011 transmission
electron microscope equipped with an Olympus Morada camera and
iTEM software.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2018.12.011.
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