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BORC coordinates encounter and fusion of lysosomes with autophagosomes
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ABSTRACT
Whereas the mechanisms involved in autophagosome formation have been extensively studied for the
past 2 decades, those responsible for autophagosome-lysosome fusion have only recently begun to
garner attention. In this study, we report that the multisubunit BORC complex, previously implicated in
kinesin-dependent movement of lysosomes toward the cell periphery, is required for efficient
autophagosome-lysosome fusion. Knockout (KO) of BORC subunits causes not only juxtanuclear clustering
of lysosomes, but also increased levels of the autophagy protein LC3B-II and the receptor SQSTM1.
Increases in LC3B-II occur without changes in basal MTORC1 activity and autophagy initiation. Instead,
LC3B-II accumulation largely results from decreased lysosomal degradation. Further experiments show
that BORC KO impairs both the encounter and fusion of autophagosomes with lysosomes. Reduced
encounters result from an inability of lysosomes to move toward the peripheral cytoplasm, where many
autophagosomes are formed. However, BORC KO also reduces the recruitment of the HOPS tethering
complex to lysosomes and assembly of the STX17-VAMP8-SNAP29 trans-SNARE complex involved in
autophagosome-lysosome fusion. Through these dual roles, BORC integrates the kinesin-dependent
movement of lysosomes toward autophagosomes with HOPS-dependent autophagosome-lysosome
fusion. These findings reveal a requirement for lysosome dispersal in autophagy that is independent of
changes in MTORC1 signaling, and identify BORC as a novel regulator of autophagosome-lysosome fusion.
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Introduction

Autophagy is a catabolic process in which cytoplasmic compo-
nents are engulfed into an autophagosome and delivered for deg-
radation in the lysosome.1

-3 This process is critical to many
cellular functions, including the response to nutrient starvation,
disposal of misfolded or aggregated proteins, clearance of dam-
aged organelles, and degradation of intracellular pathogens, all of
which promote cell survival. Abnormal autophagy, on the other
hand, contributes to the pathogenesis of diseases such as cancer
and neurodegeneration. The autophagic process involves many
steps, including initiation, nucleation and elongation of the
phagophore, engulfment of cytoplasmic materials into an auto-
phagosome, autophagosome-lysosome fusion to form an autoly-
sosome, and autophagic lysosome reformation (ALR). To date,
most studies on the autophagic machinery have focused on the
mechanisms of autophagosome formation,4 and only recently
have the roles of the lysosome begun to be investigated in detail.5

As the final destination for the targeted materials, lysosomes
are inextricably involved in the maintenance of autophagic
flux. Indeed, lysosomes supply the hydrolytic enzymes and
acidic luminal pH necessary for the degradation of the auto-
phagic substrates. In addition, lysosomes serve as platforms for
signaling molecules, such as the transcription factor TFEB
(transcription factor EB)6 and MTOR (mechanistic target of

rapamycin) complex 1 (MTORC1),7 which reversibly associate
with the lysosomal membrane to regulate various steps of the
autophagic process. MTORC1, in particular, is a direct regula-
tor of the autophagic response to nutrient availability. When
nutrients are abundant, MTORC1 is activated by recruitment
to the lysosomal membrane, where it phosphorylates the auto-
phagy-initiating ULK1 (unc-51 like autophagy activating kinase
1; yeast Atg1), leading to its inactivation and consequent inhibi-
tion of autophagy.8,9 Nutrient scarcity, on the other hand,
causes release of inactive MTORC1 from the lysosomal mem-
brane, enabling dephosphorylation and activation of ULK1,
and thus triggering autophagy.8,9

Lysosomes also provide components involved in autophago-
some-lysosome fusion. These include the membrane-anchored
lysosomal R-SNARE VAMP8 (vesicle associated membrane
protein 8), which forms a trans-SNARE complex with the auto-
phagosomal Q-SNARE STX17 (syntaxin 17) and the ubiquitous
Q-SNARE SNAP29 (synaptosome associated protein 29), for
fusion of the lysosomal and autophagosomal membranes.10 In
addition, lysosomes recruit the HOPS (homotypic fusion and
vacuole protein sorting) complex, which tethers lysosomes to
autophagosomes through direct or indirect interaction with the
autophagosomal protein MAP1LC3/LC3 (microtubule associ-
ated protein 1 light chain 3; yeast Atg8),11,12 and subsequently
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coordinates assembly of the STX17-containing trans-SNARE
complex.13-15 Another lysosome-associated protein, the RAB7
(RAB7, member RAS oncogene family)-effector EPG5 (ectopic
P-granules autophagy protein 5 homolog) stabilizes this trans-
SNARE complex and, in addition, imparts specificity to the
fusion of autophagosomes with lysosomes.16

Recent studies have brought attention to another property of
lysosomes that influences autophagy: their positioning within
the cytoplasm.17 Lysosomes are dynamically distributed
throughout the cytoplasm, moving bidirectionally between the
center and the periphery of the cell by virtue of interactions
with kinesin and dynein microtubule motors. Nutrient starva-
tion induces concentration of lysosomes in the juxtanuclear
area of the cell, a location that is thought to favor autophagy
initiation and autophagosome-lysosome fusion.18

-20 In line with
this notion, siRNA-mediated silencing of the kinesin KIF2A
(kinesin family member 2A) or the small GTPase ARL8B (ADP
ribosylation factor like GTPase 8B) causes juxtanuclear cluster-
ing of lysosomes and enhancement of autophagy initiation.19

Conversely, overexpression of KIF1B (kinesin family member
1B), KIF2, or ARL8B disperses lysosomes to the cell periphery
and inhibits autophagy, probably due to reduced autophagy ini-
tiation and autophagosome-lysosome fusion.19 These effects on
autophagy are attributed largely to regulation of MTORC1
activity by lysosome positioning, such that juxtanuclear cluster-
ing inhibits MTORC1 whereas relocation to the periphery acti-
vates it.19 It remains to be determined, however, if factors other
than changes in MTORC1 activity participate in the regulation
of autophagy in connection to lysosome positioning.

We have recently described a lysosome-associated multipro-
tein complex named BLOC-1 related complex (BORC) that reg-
ulates lysosome positioning by promoting ARL8-dependent
coupling to the kinesin-1 KIF5B (kinesin family member 5B)
and kinesin-3 KIF1B proteins in non-neuronal cells
(Fig. 1A).21,22 BORC comprises 8 subunits named BLOC1S1/
BLOS1/BORCS1 (biogenesis of lysosomal organelles complex 1
subunit 1), BLOC1S2/BLOS2/BORCS2 (biogenesis of lysosomal
organelles complex 1 subunit 2), SNAPIN/BORCS3 (SNAP
associated protein), KXD1/BORCS4 (KxDL motif containing 1),
BORCS5/myrlysin/LOH12CR1 (BLOC-1 related complex sub-
unit 5), BORCS6/lyspersin/C17orf59 (BLOC-1 related complex
subunit 6), BORCS7/diaskedin/C10orf32 (BLOC-1 related com-
plex subunit 7), and BORCS8/MEF2BNB (BLOC-1 related com-
plex subunit 8) (Fig. 1A). Knockout (KO) or knockdown (KD)
of BORC subunits causes collapse of the lysosome population to
the juxtanuclear area of the cell.21,22 Here we report that KO of
any of several genes encoding BORC subunits increases the levels
of lipidated LC3B (LC3B-II), a sign of altered autophagy. Sur-
prisingly, this increase is not due to enhanced autophagy initia-
tion, but to reduced lysosomal degradation of LC3B-II.
Moreover, we find that BORC-subunit gene KO has no effect on
basal MTORC1 activity, indicating that in this particular case,
lysosome clustering inhibits autophagic flux independently of
MTORC1. Further experiments show that BORC-subunit gene
KO decreases the frequency of autophagosome-lysosome
encounters, particularly in the peripheral cytoplasm. In addition,
BORC gene KO impairs fusion of autophagosomes with lyso-
somes even when they are in close proximity of each other, as it
happens in the juxtanuclear area. We show that this defect in

autophagosome-lysosome fusion is likely due to a role of BORC
in the ARL8-dependent recruitment of the HOPS complex to
lysosomes. We conclude that BORC contributes to the mainte-
nance of autophagic flux by promoting both encounter and
fusion of lysosomes with autophagosomes. Through these dual
roles, BORC coordinates peripheral deployment of lysosomes
with autophagosome-lysosome fusion.

Results

Increased levels of the autophagy marker LC3B-II
in BORC-KO cells

The juxtanuclear clustering of lysosomes caused by KO of
genes encoding BORC subunits21,22 provided an opportunity
to examine the importance of lysosome dispersal for auto-
phagy. Immunofluorescence microscopy of HeLa cells
knocked out for the BORCS5, BORCS6, BORCS7 or BORCS8
genes encoding subunits of BORC (all collectively referred to
as “BORC-KO cells”) showed that lysosome clustering was
accompanied with increased staining for endogenous LC3B
(Fig. 1B, C). In the process of autophagy, cytosolic LC3B-I is
converted to autophagosome-bound LC3B-II by conjugation
to phosphatidylethanolamine.23 In line with the immunoflu-
orescence microscopy observations, immunoblot analysis
revealed 2.4-4.4-fold increases in the steady-state levels of
LC3B-II in the different BORC-KO cells (Fig. 1D, E). In con-
trast, the levels of the ATG12 (autophagy-related 12)–ATG5
(autophagy-related 5) conjugate, and ATG7 (autophagy-
related 7) protein involved in LC3B-I lipidation,24 remained
unchanged in the BORC-KO cells (Fig. 1D). Both the lyso-
some clustering and elevated LC3B-II phenotypes were
reversed by stable transfection of a BORCS5-FOS (FLAG/
One-STrEP) cDNA into the BORCS5-KO cells (Fig. 1B to E).
These results indicated that BORC KO causes not only lyso-
some clustering but also altered autophagy.

Increased levels of the SQSTM1 autophagy receptor
and reduced clearance of mutant HTT aggregates
in BORC-KO cells

Damaged organelles or cytoplasmic protein aggregates
undergo ubiquitination, leading to their recognition by the
ubiquitin receptor SQSTM1/p62 (sequestosome 1).25 In
turn, SQSTM1 binds to LC3B-II, guiding the ubiquitinated
substrates to the phagophore for subsequent engulfment
within the autophagosome.25 After fusion with lysosomes,
both SQSTM1 and LC3B-II are degraded together with their
cargos by lysosomal hydrolases.25,26 We observed that, in
addition to elevated LC3B-II (Fig. 1B to E), BORC-KO cells
exhibited 1.4- to 2.3-fold higher numbers of SQSTM1 cyto-
plasmic puncta (Fig. 2A, B) and 2.3–2.9 fold higher levels
of SQSTM1 protein (Fig. 2C, D) relative to the parental
HeLa cells. A well-characterized autophagic cargo of
SQSTM1 is an aggregation-prone N-terminal fragment of
HTT (huntingtin) with an expanded poly-glutamine tract
(HTT103Q).27 We observed that BORCS5-KO increased the
proportion of cells exhibiting HTT103Q-GFP aggregates
from 13.7% to 21.4% (Fig. 2E, F). Stable transfection of the
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BORCS5-KO cells with BORCS5-FOS cDNA brought down
the proportion of cells exhibiting HTT103Q-GFP aggregates
to 13.3% (Fig. 2E, F). Taken together, these experiments
demonstrated that BORC deficiency and the ensuing lyso-
some clustering were associated with increased accumula-
tion of the autophagy protein LC3B-II and the receptor
SQSTM1, and the autophagy substrate HTT103Q-GFP.

BORC KO abrogates changes in lysosome positioning
and LC3B-II levels during starvation

To further investigate the role of BORC in autophagy, we
examined the effects of incubating wild-type (WT),

BORCS5-KO, and BORCS5-rescue HeLa cells in Dulbecco’s
modified Eagle’s medium (DMEM; serum-free medium), a
manipulation known to induce autophagy.28,29 We observed
that short-term serum deprivation (15 to 30 min) caused
lysosome clustering and increased LC3B staining (Fig. 3A)
and LC3B-II levels (Fig. 3B, C). Upon longer incubations in
serum-free medium (1 or 2 h), lysosomes returned to their
normal distribution and LC3B-II levels decreased (Fig. 3A to
C), indicating that these effects of serum deprivation are
transient. In contrast, in BORCS5-KO cells, lysosomes were
clustered and LC3B-II levels stayed high at all times inde-
pendently of serum withdrawal (Fig. 3A to C). Low exposure
of the immunoblots revealed that LC3B-II levels actually

Figure 1. Increased LC3B-II levels in BORC-KO cells. (A) Schematic representation of BORC-ARL8-KIF1 and BORC-ARL8-PLEKHM2/SKIP-KLC-KIF5 machineries for centrifugal
movement of lysosomes in non-neuronal cells.21,22 (B) Confocal microscopy of WT, BORCS5-KO, BORCS5-rescue, BORCS6-KO, BORCS7-KO, and BORCS8-KO cells immunos-
tained for endogenous LC3B and LAMP1. Nuclei were stained with DAPI. Scale bar: 10 mm. (C) Quantification of LC3B puncta from experiments as in B. Bars represent the
mean § SEM of puncta per cell from 20 cells in 3 independent experiments. ��P < 0.001, ���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the
Dunnett test. (D) Cell extracts of WT, BORCS5-KO, BORCS5-rescue, BORCS6-KO, BORCS7-KO, and BORCS8-KO cells were analyzed by immunoblotting with antibodies to the
proteins indicated at right. The positions of molecular mass markers (in kDa) are indicated at left. (E) Quantification of LC3B-II levels (normalized to tubulin) from experi-
ments as in E. Bars represent the mean § SEM from 3 independent experiments. �P < 0.05, ��P < 0.01, ���P < 0.0001, one-way ANOVA, followed by multiple compari-
sons using the Dunnett test.
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Figure 2. Increased SQSTM1 levels and decreased aggregate clearance in BORC-KO cells. (A) Confocal micrographs of WT, BORCS5-KO, BORCS5-rescue, BORCS6-KO,
BORCS7-KO, and BORCS8-KO cells immunostained for SQSTM1 and LAMP1. Images of SQSTM1 staining are in negative grayscale for easier visualization. Nuclei were
stained with DAPI. Scale bar: 10 mm. (B) Quantification of SQSTM1 puncta from experiment in A. Bars represent the mean § SEM of SQSTM1 puncta per cell from 30 cells.
���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the Dunnett test. (C) Immunoblotting of extracts from WT, BORCS5-KO, BORCS5-rescue, BORCS6-
KO, BORCS7-KO and BORCS8-KO cells with antibodies to SQSTM1 and tubulin (control). The positions of molecular mass markers (in kDa) are indicated at left. (D) Quantifi-
cation of SQSTM1 normalized to tubulin from experiments as in (C). Bars represent the mean § SEM from 3 independent experiments. �P < 0.05, ��P < 0.001, ���P <

0.0001, one-way ANOVA, followed by multiple comparisons using the Dunnett test. (E) Confocal images of WT, BORCS5-KO and BORCS5-rescue cells transfected with a
plasmid encoding the aggregation-prone HTT103Q-EGFP for 48 h. Arrowheads indicate intracellular aggregates of HTT103Q-EGFP. Nuclei were stained with DAPI. Scale
bar: 50 mm. (F) Percentage of cells with EGFP-positive aggregates. Over 600 GFP-positive cells from 3 independent experiments were analyzed. Bars represent the mean
§ SEM of the percentage of cells with EGFP-positive aggregates. ���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the Dunnett test.
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went up slightly over the already high levels in serum-
deprived BORCS5-KO cells, consistent with an expected
increase in autophagy initiation upon serum deprivation
(Fig. 3B). Normal responses of LC3B-II to serum depletion
could be restored by expression of BORCS5-FOS cDNA in
the BORCS5-KO cells (Fig. 3A to C). Similar results were
obtained by combined serum and amino-acid depletion, with
the exception that lysosome dispersal did not recover after
1 h in WT cells (Fig. S1A,B). These results demonstrated
that BORC is required for the changes in lysosome position-
ing and LC3B-II levels that occur upon autophagy induction
by nutrient deprivation.

BORC KO does not affect basal MTORC1 activity
and inactivation under starvation conditions

We next addressed whether the increased levels of LC3B-II in
BORC-KO cells were due to changes in MTORC1 signaling. A
key MTORC1 substrate in the regulation of the autophagic
response is ULK1. Active MTORC1 inactivates ULK1 by phos-
phorylation on Ser757, thus inhibiting autophagy. In contrast,
the AMP-activated protein kinase (AMPK) activates ULK1 by
phosphorylation on Ser317 and Ser777, promoting autophagy
initiation.9 Interestingly, we observed that WT, BORCS5-KO
and BORCS5-rescue cell lines exhibited similar levels of

Figure 3. Changes in lysosome positioning induced by serum depletion are dependent on BORC. (A) Confocal microscopy of WT, BORCS5-KO and BORCS5-rescue cells
placed in serum-free DMEM for the indicated times, and immunostained for endogenous LC3B and LAMP1. Nuclei were stained with DAPI. Scale bar: 15 mm. (B) WT,
BORCS5-KO and BORCS5-rescue cells were placed in serum-free DMEM and collected at the indicated times. Cell lysates were subjected to immunoblotting with antibod-
ies to LC3B and tubulin (control). (C) WT, BORCS5-KO and BORCS5-rescue cells were placed in serum-free DMEM for the indicated times, and cell lysates were analyzed by
immunoblotting with antibodies to the indicated proteins. (D) WT, BORCS5-KO, BORCS5-rescue, BORCS6-KO, BORCS7-KO, and BORCS8-KO cells were lysed for immunoblot-
ting with antibodies to RPS6KB and p-RPS6KB. In (B to D), the positions of molecular mass markers (in kDa) are indicated at left.
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Ser757- and Ser317-phosphorylated ULK1 under normal cul-
ture conditions (Fig. 3C). Moreover, serum starvation caused
similar decreases in Ser757-phosphorylated ULK1 in all 3 cell
lines (Fig. 3C). Likewise, the phosphorylation state of 2 other
MTORC1 substrates, EIF4EBP1/4E-BP1 (eukaryotic transla-
tion initiation factor 4E binding protein 1) and RPS6KB/S6K
(ribosomal protein S6 kinase B), under both basal and serum-
depletion conditions was unaffected by the presence or absence
of BORCS5 (Fig. 3C). Similar observations were made upon
combined serum and amino acid depletion (Fig. S2). KO of the
BORCS6, BORCS7 or BORCS8 subunits of BORC also had no
effect on basal MTORC1 activity, as exemplified by the
unchanged RPS6KB phosphorylation (Fig. 3D). Finally, immu-
nofluorescence microscopy experiments showed that BORCS5
KO did not affect changes in MTORC1 association with lyso-
somes that occur during combined serum and amino acid
depletion (Fig. S3). From these experiments, we concluded that
juxtanuclear clustering of lysosomes and increased LC3B-II lev-
els in BORC-deficient cells occurred without changes in basal
MTORC1 activity and association with lysosomes.

BORC KO impairs autophagic flux

To determine if the increased levels of LC3B-II in BORCS5-
KO cells resulted from increased synthesis (i.e., autophagy
initiation) or decreased degradation (i.e., autophagic flux) of
this protein, we examined the effect of the MTORC1 inhibi-
tor and autophagy activator Torin2 (Fig. S4A), and the
acidification and lysosomal degradation inhibitor bafilomy-
cin A1 (Baf). We observed that treatment with Torin2
increased LC3B-II levels in both WT and BORCS5-KO cells,
although the relative difference in LC3B-II levels between
the 2 cell lines remained the same (Fig. 4A, B). In contrast,
Baf treatment resulted in equally higher levels of LC3B-II in
WT and BORCS5-KO cells (Fig. 4A, B). These experiments
demonstrated that BORCS5 KO does not increase synthesis
but decreases degradation of LC3B-II. The fact that incuba-
tion of BORCS5-KO cells with Baf still caused increased
LC3B-II levels relative to untreated BORCS5-KO cells, how-
ever, indicated that the inhibition of autophagic flux by
BORC KO was partial. These findings are consistent with
the increased levels of SQSTM1 (Fig. 2A to D) and
HTT103Q-GFP (Fig. 2E, F) in BORC-KO cells.

WT and BORCS5-KO cells exhibited similar cathepsin L
(CTSL) activity and lysosomal pH (Fig. S4B,C), suggesting
that impaired turnover of LC3B-II was not due to altered
degradative capacity of lysosomes in the KO cells. To deter-
mine if BORC depletion prevented delivery of LC3B-II from
autophagosomes to lysosomes, we transfected WT, BORCS5-
KO and BORCS5-rescue cells with a plasmid encoding a tan-
dem GFP-mCherry-LC3B fusion protein (tf-LC3B), which
serves as a probe for autophagic flux (Fig. 4C).30 At the neu-
tral pH of autophagosomes both the GFP (green) and
mCherry (red) proteins fluoresce, whereas in the acidic pH
of autolysosomes the GFP fluorescence is quenched and only
the red fluorescence is visible. In addition to expressing this
probe, we allowed the cells to internalize Alexa Fluor 647-
dextran (pseudocolored blue) for 16 h to mark lysosomes
and autolysosomes. Cells were imaged by confocal

microscopy, and green-red (autophagosomes) and red-blue
(autolysosomes) puncta were quantified. We observed that in
WT and BORCS5-rescue cells, red foci predominated, and
the majority of these colocalized with blue but not green foci
(Fig. 4C, D), indicating that most autophagosomes fused
with lysosomes to form autolysosomes. In contrast, in
BORCS5-KO cells most red foci colocalized with green but
not blue foci (Fig. 4C, D), consistent with failure of autopha-
gosome-lysosome fusion. The decreased number of autolyso-
somes in BORCS5-KO cells was particularly noticeable in the
cell periphery (Fig. 4C, D). This observation was suggestive
of an inability of lysosomes to reach peripherally-arising
autophagosomes. Most of the accumulated mCherry-LC3B-
labeled foci in BORCS5-KO cells were negative for the phag-
ophore marker ATG16L1 (autophagy-related 16 like 1)31,32

(Fig. S5), confirming their identity as autophagosomes.
We also compared the colocalization of endogenous LC3B

with LAMP1 in WT, BORCS5-KO and BORCS5-rescue cells, all
of which were serum-deprived and treated with Baf to inhibit
LC3B-II degradation. We observed a lower degree of LC3B-
LAMP1 colocalization in BORCS5-KO relative to WT and
BORCS5-rescue cells (Fig. 5A, B), also consistent with defective
autophagosome-lysosome encounters. Finally, live-cell imaging
of serum-deprived cells expressing mCherry-LC3B and
LAMP1-GFP showed significantly more merging of autophago-
somes and lysosomes in WT cells than in BORCS5-KO cells
(Movie S1 and Fig. 5C-E). Similar results were obtained using a
combination of GFP-LC3B and LAMP1-mCherry, in which the
fluorescent tags were exchanged (Movie S2 and Fig. S6). Taken
together, these results indicated that BORCS5 KO decreases
encounter and fusion of autophagosomes with lysosomes, thus
resulting in decreased LC3B turnover.

Smaller LC3B-II increase in cells doubly mutated
for the kinesins KIF5B and KIF1B

Our initial hypothesis was that decreased autophagosome-lyso-
some fusion and elevated LC3B levels in BORC-deficient cells
were primarily due to defective lysosome positioning. Indeed,
as shown above, the juxtanuclear clustering of lysosomes in the
mutant cells decreased the frequency of encounters between
lysosomes and autophagosomes, particularly those that formed
in the cell periphery. However, 2 observations hinted at a more
complex scenario: (i) autophagosomes accumulated not only in
the periphery but also at the center of BORC-deficient cells,
where lysosomes were abundant (Fig. 4C, D), and (ii) autopha-
gosomes and lysosomes were sometimes observed to approach
and move around each other, but not fuse, in BORC-deficient
cells (Figs. 5D and S6).

To test more specifically for the importance of lysosome
positioning in autophagic flux, we examined the effect of
knocking out genes encoding 2 kinesins, KIF5B and KIF1B,
which function downstream of BORC and ARL8 in centrifu-
gal lysosome transport (Fig. 1A).21,22 We found that KIF5B
KO had only a subtle effect on lysosome distribution,
whereas KIF1B KO caused more appreciable clustering of
lysosomes (Fig. 6A). Combination of KIF5B and KIF1B KO
resulted in more dramatic juxtanuclear clustering of lyso-
somes, comparable to that caused by BORCS5 KO (Fig. 6A).
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These findings are consistent with the notion that both kine-
sins cooperate in lysosome movement to the periphery,22

with KIF1B having the most important role. Interestingly,
the single kinesin-KO cells did not exhibit increases in LC3B
staining (Fig. 6A, B) and LC3B-II levels (Fig. 6C, D), and the
double kinesin-KO cells showed increases that were smaller
than those in BORCS5-KO cells (Fig. 6A to D). Treatment
with Baf increased the levels of LC3B-II 2.5 fold in WT cells
and 1.6 fold in KIF5B KIF1B-KO cells, although a partial

difference in LC3B-II levels between the 2 cell lines remained
(Fig. 6E, D). These results are consistent with KIF5B KIF1B
KO increasing both autophagy initiation and flux. Therefore,
centrifugal transport of lysosomes is to some extent impor-
tant for autophagic flux, likely by enabling encounter of lyso-
somes with peripheral autophagosomes. The larger increases
of LC3B-II levels in BORC-deficient cells, however, suggested
an additional role for this complex in autophagosome-lyso-
some fusion.

Figure 4. Reduced autophagic flux in BORCS5-KO cells. (A) WT and BORCS5-KO cells were treated with no additions, 50 nM bafilomycin A1 (Baf), or 400 nM Torin2 for 2 h.
LC3B-II and tubulin (control) levels were determined by immunoblotting. The positions of molecular mass markers (in kDa) are indicated at left. (B) Quantification of
LC3B-II levels normalized to tubulin. Bars represent the mean§ SEM from 3 independent experiments. ��P< 0.001, ���P< 0.0001, one-way ANOVA, followed by multiple
comparisons using the Tukey test. (C) WT, BORCS5-KO and BORCS5-rescue cells were transiently transfected with a plasmid encoding tandem GFP-mCherry-LC3B (tfLC3B).
Lysosomes were labeled by internalization of Alexa Fluor 647-conjugated dextran (AF647-dextran) for 6 h, and chased overnight. mCherry, GFP and Alexa Fluor 647 (pseu-
docolored in blue) were visualized by confocal microscopy of live cells. Peripheral (box 1) and juxtanuclear (box 2) regions were magnified to show autophagosomes (yel-
low arrowheads), autolysosomes (magenta arrowheads) and lysosomes (blue arrowheads). Scale bar: 10 mm in low magnification, 1 mm in high magnification images. (D)
The ratio of the number of autolysosomes (red-blue-positive puncta) to autophagosomes (red-green-positive puncta) was determined in the whole cell, the peripheral
region and the juxtanuclear region. Bars represent the mean § SEM of the ratio in 70 cells from 3 independent experiments. �P < 0.01, ���P < 0.0001, two-way ANOVA
followed by multiple comparisons using the Tukey test.
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BORC promotes recruitment of HOPS to lysosomes
and assembly of the STX17-containing SNARE complex

We considered the possibility that BORC could promote auto-
phagosome-lysosome fusion by directly interacting with LC3.
In this regard, we noticed that the KXD1 subunit of BORC con-
tains 4 potential W/FxxL LC3-interacting region (LIR) motifs33

(Fig. 7A). Coimmunoprecipitation experiments showed that
KXD1-GFP indeed interacted with endogenous LC3B in a
manner dependent on the 4 LIR motifs (Fig. 7B). However, res-
cue of a KXD1-KO cell line with a KXD1 mutant having substi-
tutions in all 4 LIR motifs restored normal levels of LC3B-II
(Fig. 7C), indicating that these motifs are dispensable for the
function of BORC in autophagy.

Figure 5. Reduced autophagosome-lysosome encounters in BORCS5-KO cells. (A) Confocal microscopy of WT, BORCS5-KO and BORCS5-rescue cells placed in serum-free
DMEM with 50 nM Baf for 30 min, and then immunostained with antibodies to LC3B and LAMP1. Nuclei were stained with DAPI. Scale bar: 10 mm. Images on the right
column are magnifications of the boxed areas. Scale bar: 2.5 mm. (B) Pearson correlation coefficient of LC3B and LAMP1 colocalization from experiment in A. Bars repre-
sent the mean § SEM of >80 cells from 3 independent experiments. ���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the Dunnett test. (C, D)
WT (C) and BORCS5-KO (D) cells transiently expressing LAMP1-GFP and mCherry-LC3B were analyzed by time-lapse microscopy in serum-free DMEM. Images in (C and D)
start at 25 min and 40 min after serum depletion, respectively. Scale bar: 10 mm. The left panels show magnified time-lapse images of the LC3B (red) and LAMP1 (green)
vesicles indicated by arrowheads in the whole cell shown on the right. (E) Quantification of the number of autophagosome-lysosome merging events in 1 h from the
experiments described in (C and D). Bars represent the mean § SEM in 10 cells from 3 independent experiments. ���P < 0.0001, the unpaired Student t test.
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In addition to regulating lysosome movement through
engagement of the KIF5B34 and KIF1B motors35 (Fig. 1A),
ARL8 recruits the HOPS tethering complex,36,37 which in turn
promotes autophagosome-lysosome fusion through interaction
with the Q-SNARE STX17.13

-15,38 Because BORC functions to
recruit both the ARL8A and ARL8B isoforms to lysosomes,21,22

we hypothesized that BORC-KO impaired association of HOPS
with lysosomes, thus additionally contributing to the autopha-
gosome-lysosome fusion defect in the KO cells. Immunofluo-
rescence microscopy of WT HeLa cells showed that the
mCherry-labeled VPS41 subunit of HOPS colocalized with
ARL8B-GFP on LAMP1-containing lysosomes (Fig. 8A), as

previously reported.36,37 In BORCS5-KO cells, however, we
observed reduced lysosomal localization and increased cyto-
solic staining for both mCherry-VPS41 and ARL8B-GFP
(Fig. 8A). Transfection with BORCS5-FOS rescued the associa-
tion of both proteins with lysosomes (Fig. 8A). Similar results
were obtained for FLAG-tagged VPS41 (Fig. S7A), and a
mCherry-labeled form of another HOPS subunit, VPS39
(Fig. S7B).

To further investigate the involvement of BORC in HOPS
recruitment and function, we examined the coimmunoprecipi-
tation of the transiently expressed myc-tagged BORCS6 subunit
of BORC with mCherry-VPS41 and FLAG-STX17 (Fig. 8B).

Figure 6. Slight increase in LC3B-II levels in KIF5B KIF1B-double-KO cells. (A) Confocal microscopy of WT, KIF5B-KO, KIF1B-KO and KIF5B KIF1B-double-KO cells immunos-
tained for endogenous LC3B and LAMP1. Nuclei were stained with DAPI. Scale bar: 15 mm. (B) Quantification of LC3B puncta. Bars represent the mean § SEM of LC3B
puncta per cell in 25 cells from 3 independent experiments. ���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the Tukey test. (C) Cell extracts of
WT, KIF5B-KO, KIF1B-KO and KIF5B KIF1B-double-KO cells were analyzed by immunoblotting with antibodies to LC3B and tubulin (control). The positions of molecular
mass markers (in kDa) are indicated at left. (D) Quantification of LC3B-II normalized to tubulin levels. Bars represent the mean§ SEM LC3B-II/tubulin ratio from 3 indepen-
dent experiments. �P < 0.01, ���P < 0.0001, one-way ANOVA, followed by multiple comparisons using the Tukey test. (E) WT and KIF5B KIF1B-double-KO cells were
treated with no additions or 50 nM Baf for 2 h. LC3B-II and tubulin (control) levels were determined by immunoblotting. The positions of molecular mass markers (in kDa)
are indicated at left. (F) Quantification of LC3B-II levels (normalized to tubulin) from experiments as in (E). Bars represent the mean § SEM from 3 independent experi-
ments. �P < 0.01, one-way ANOVA, followed by multiple comparisons using the Tukey test.
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The results showed that myc-BORCS6 indeed coprecipitated
mCherry-VPS41 and FLAG-STX17, and that this coprecipita-
tion was enhanced by expression of exogenous ARL8B-GFP
(Fig. 8B). A similar, though quantitatively smaller, coprecipita-
tion was observed using BORCS5-myc (Fig. S7C). In line with
the intermediary role of ARL8B, KO of this gene and protein
product decreased the amounts of FLAG-VPS41 and FLAG-
STX17 that coprecipitated with myc-BORCS6 (Fig. 8C). KD of
the ARL8A isoform in the ARL8B-KO cells did not completely
abolish the coprecipitation of these proteins (Fig. 8C), suggest-
ing that BORC might also interact with HOPS independently
of ARL8. Moreover, ARL8B-GFP coprecipitated with FLAG-
VPS41 and FLAG-STX17 to a larger extent in WT than in
BORCS5-KO cells (Fig. 8D). Finally, BORCS5 KO decreased by
»50% the coprecipitation of GFP-STX17 with its cognate

SNAREs VAMP8 and SNAP29 (Fig. 8E, F), indicating that
BORC is required for efficient assembly of these SNAREs.
From these experiments, we concluded that BORC establishes a
network of interactions with ARL8B, HOPS and STX17, pro-
moting assembly of the STX17-VAMP8-SNAP29 trans-SNARE
complex for efficient autophagosome-lysosome fusion (Fig. 9).

Discussion

The results presented here demonstrate that BORC plays dual
roles in autophagy by promoting both the kinesin-dependent
encounter and HOPS-mediated fusion of lysosomes with auto-
phagosomes. These roles of BORC are in line with its function
in recruiting ARL8A and ARL8B to lysosomes, which in turn
recruit both the kinesins and the HOPS complex responsible

Figure 7. WT and DLIR-mutant KXD1 equally reduced LC3B accumulation in KXD1-KO cells. (A) Four potential LIR (LC3-interacting region) motifs in KXD1 are highlighted
in red. LIR prediction was performed using an online database at http://repeat.biol.ucy.ac.cy/iLIR/. (B) Lysates of HeLa cells transfected with plasmids encoding GFP, GFP-
tagged WT KXD1 or KXD1 with mutations in all 4 LIR motifs (DLIR) were immunoprecipitated with an antibody to GFP followed by immunoblotting with antibodies to
GFP and LC3B. (C) WT, KXD1-KO cells, and KXD1-KO cells rescued with KXD1-GFP or KXD1(DLIR)-GFP were stained with antibody to LC3B. The outlines of the transfected
cells are indicated. Nuclei were stained with DAPI. Cells were imaged by confocal microscopy. Scale bar: 20 mm.

AUTOPHAGY 1657

http://repeat.biol.ucy.ac.cy/iLIR/


for the respective processes. Through these roles, BORC con-
tributes to the maintenance of autophagic flux independently
of changes in MTORC1 signaling.

BORC-dependent centrifugal transport of lysosomes
is involved in autophagy independently of MTORC1

This study stemmed from our initial observation that juxtanu-
clear clustering of lysosomes caused by BORC-subunit KO was
accompanied by increased levels of LC3B-II (Fig. 1). This effect

was expected in light of previous work implicating ARL8B and
the kinesin KIF2A in the regulation of autophagy by lysosome
positioning.19 However, we were surprised to find that increases
in LC3B-II in BORC-KO cells occurred without changes in
MTORC1 activity under normal culture conditions (Fig. 3C, D).
Moreover, BORC-KO did not affect MTORC1 inhibition upon
serum depletion (Fig. 3C) or combined serum and amino acid
depletion (Fig. S2). LC3B-II increases in BORC-KO cells were
not due to enhanced autophagy initiation—an MTORC1-regu-
lated process—but to a partial decrease in lysosomal degradation

Figure 8. BORC promotes recruitment of HOPS to lysosomes and assembly of autophagic STX17 SNARE complex. (A) Confocal microscopy of WT, BORCS5-KO and BORCS5-
rescue HeLa cells transiently transfected with plasmids encoding mCherry-VPS41 and ARL8B-GFP. Lysosomes were visualized by LAMP1 staining. Nuclei were stained with
DAPI. Scale bar: 15 mm. (B) Lysates of HEK293T cells transfected with plasmids encoding mCherry-VPS41, FLAG-STX17 and either MYC-BORCS6, ARL8B-GFP or MYC-
BORCS6CARL8B-GFP were immunoprecipitated using antibody to the MYC epitope followed by immunoblotting with antibodies to the indicated proteins. (C) WT,
ARL8B-KO and ARL8B-KO-ARL8A-KD HeLa cells were transfected with plasmids encoding FLAG-VPS41, FLAG-STX17 and MYC-BORCS6. Cells were lysed and immunopreci-
pitated with antibody to MYC and immunoblotted with antibodies to the indicated proteins. (D) WT and BORCS5-KO HeLa cells were transfected with plasmids encoding
FLAG-VPS41, FLAG-STX17 and either GFP or ARL8B-GFP. Cells were lysed and immunoprecipitated with antibody to GFP and immunoblotted with antibodies to the indi-
cated proteins. (E) WT and BORCS5-KO HeLa cells were transfected with plasmids encoding GFP or GFP-STX17. Cells were lysed and immunoprecipitated with antibody to
GFP and immunoblotted for the indicated proteins. In (B to E), the positions of molecular mass markers (in kDa) are indicated at left. (F) Quantification of VAMP8, SNAP29
and VPS41 in immunoprecipitates (normalized to input) from experiments as in (E). Bars represent the mean § SEM from 3 independent experiments. �P < 0.05, ��P <
0.001, the unpaired Student t test.
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(Fig. 4A, B). Thus, juxtanuclear clustering of lysosomes does not
necessarily lead to changes in MTORC1 activity. Nevertheless,
we did observe delayed MTORC1 reactivation upon addition of
serum to serum-starved BORC-KO cells (Fig. S8). In addition,
double KO of KIF5B and KIF1B did cause an increase in auto-
phagy initiation (Fig. 6E, F). Therefore, lysosome positioning
can modulate MTORC1 activity and autophagy initiation under
certain conditions, but the nature and extent of the changes
appear to depend on the components of the lysosome-position-
ing machinery that are altered.

Bidirectional transport of both lysosomes
and autophagosomes is critical for maintenance
of autophagic flux

Having ruled out changes in basal MTORC1 activity as the
cause for altered autophagy in BORC-KO cells, we hypothe-
sized that the decreased LC3B-II degradation could be due to
the inability of the centrally-clustered lysosomes to meet with

autophagosomes arising in the cell periphery. Indeed, we
observed a lower frequency of lysosome-autophagosome
encounters (Fig. 5A to E), as well as reduced conversion of
autophagosomes to autolysosomes, particularly in the periph-
eral cytoplasm (Figs. 4C, D and S6). Therefore, both centrifugal
(this study) and centripetal19 movements of lysosomes are
required for meetings with autophagosomes. The need for bidi-
rectional movement also applies to autophagosomes, which
undergo centrifugal transport mediated by the kinesin KIF5B
and the adaptor protein FYCO1 (FYVE and coiled-coil domain
containing 1),39,40 and centripetal transport driven by dynein
and the adaptor proteins MAPK8IP1/JIP1 (mitogen-activated
protein kinase 8 interacting protein 1),18,41 RILP (Rab interact-
ing lysosomal protein) and OSBPL1A/ORP1L (oxysterol bind-
ing protein like 1A).42 Perturbation of either direction of
autophagosome transport also impairs autophagic flux.18,40

Thus, maintenance of efficient autophagic flux requires that
both lysosomes and autophagosomes are able to move through-
out the cytoplasm.

BORC additionally controls autophagosome-lysosome
fusion through ARL8-dependent and -independent
interactions with HOPS and STX17

Several observations suggested that BORC does more than pro-
mote lysosome-autophagosome encounters. First, in BORC-KO
cells many autophagosomes accumulated in the juxtanuclear
area, in close proximity to the clustered lysosomes (Fig. 4C, D).
Furthermore, lysosomes and autophagosomes in these cells
were often seen to move around each other without consum-
mating their fusion (Figs. 5D and S6). Finally, although juxta-
nuclear clustering of lysosomes in cells lacking both KIF5B and
KIF1B also increased LC3B-II levels, it did so to a lesser extent
than in BORC-KO cells (Fig. 6A to D). These observations
pointed to an additional role of BORC in autophagosome-lyso-
some fusion, possibly by promoting the recruitment of the
HOPS complex via ARL8.

ARL8 has previously been shown to mediate recruitment of
HOPS to lysosomes through a direct interaction with the
VPS41 subunit.36,37 In turn, HOPS interacts with LC3 either
directly via the VPS39 subunit11 or indirectly through the adap-
tor protein PLEKHM1 (pleckstrin homology and RUN domain
containing M1).12 In addition, HOPS interacts with the SNARE
STX17 to promote assembly of the autophagy-specific trans-
SNARE complex.13,14 Indeed, we found that BORC promotes
recruitment of HOPS to lysosomes (Figs. 8A and S7A,B), and
interacts with HOPS and STX17 (Fig. 8B to D). These interac-
tions are largely dependent on ARL8, although they also have
an ARL8-independent component. Furthermore, we found that
BORC is required for efficient assembly of the autophagic
STX17-VAMP8-SNAP29 trans-SNARE complex (Fig. 8E, F),
thus demonstrating the functional significance of these
interactions.

Like BORC and ARL8, RAB7 and its effector RILP (Rab-
interacting lysosomal protein) have dual roles in late-endosome
and lysosome centripetal transport and tethering to other endo-
lysosomal organelles through interactions with dynein-dynac-
tin and HOPS, respectively.43,44 The integration of late-
endosome and lysosome transport and fusion with other

Figure 9. Schematic representation of the regulation of autophagosome-lysosome
fusion by BORC. In WT cells, BORC recruits ARL8 and HOPS to the lysosomal mem-
brane. HOPS in turn interacts with LC3B and STX17 on the autophagosomal mem-
brane, promoting assembly of the STX17-VAMP8-SNAP29 trans-SNARE complex
and autophagosome-lysosome fusion. In BORC-KO cells, ARL8B and HOPS remain
in the cytosol, impairing STX17-VAMP8-SNAP29 trans-SNARE complex assembly
and autophagosome-lysosome fusion.
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organelles thus appears to be a common theme for BORC,
ARL8 and RAB7, RILP function at both ends of the microtu-
bule network.

Possible implications for BORC-dependent regulation
of cell adhesion and migration

Previous work shows that BORC- and ARL8-dependent lyso-
some movement toward the cell periphery contributes to cell
adhesion and cell migration.21,45 These effects were at least partly
mediated by late-endosome-mediated dissociation of the signal-
ing protein IQGAP1 (IQ motif containing GTPase activating
protein 1) from focal adhesions, leading to focal adhesion turn-
over.45 Other studies suggested an additional mechanism for
focal adhesion turnover and cell motility involving auto-
phagy.46

-48 This mechanism depends on interaction of LC3-II
with an LIR motif in the focal adhesion protein paxillin48 and/or
the autophagy receptor NBR1 (NBR1, autophagy cargo recep-
tor).47 We observed that in BORC-KO cells some LC3B-positive
autophagosomes accumulated at cell protrusions, suggesting that
cell adhesion and migration might depend on BORC-dependent
autophagic turnover of focal adhesion proteins.

Materials and methods

Cell culture and transfection

HeLa and HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (Corning, 15-013-CV) supplemented with 10%
fetal bovine serum (Corning, 35-011-CV), 100 IU/ml penicillin
and 100 mg/ml streptomycin (Corning, 30-002-CI), and 2 mM
L-glutamine (Corning, 25-005-CI) in a 37�C incubator (5%
CO2, 95% air). For starvation, cells were briefly washed with
Hank’s balanced salt solution (HBSS; Corning, 20-023-CV)
and incubated in HBSS (supplemented with 3 g/L sodium
bicarbonate and 25 mM HEPES) or DMEM without serum for
the periods indicated in the corresponding experiments. DNA
and siRNA transient transfection was performed with Lipofect-
amine 2000 (Thermo Fisher Scientific, 11668-019).

Plasmids

Plasmids encoding HTT103Q-GFP (1385; from Michael Sher-
man), FLAG-STX17 (45911; from Noboru Mizushima,) and
GFP-STX17 (45909; from Noboru Mizushima,) were obtained
from Addgene. Plasmids encoding MYC-BORCS6 and
LAMP1-GFP were previously described.21 A plasmid encoding
GFP-mCherry-LC3B was generated by subcloning a mCherry-
LC3B fragment into pEGFP-C1 (Clontech Laboratories, 6084).
Plasmids encoding mCherry-VPS41 and mCherry-VPS39 were
generated by subcloning the coding sequences from pSX-
VPS41 and pSX-VPS3949 into pmCherry-C1 (Clontech Labora-
tories, 632524). A plasmid encoding KXD1-GFP was generated
by subcloning a KXD1 fragment from MYC-KXD121 into
pEGFP-N1 (Clontech Laboratories, 6085). The LIR-mutated
KXD1 (KXD1(DLIR)-GFP) was generated by site-directed
mutagenesis. The ARL8B-GFP plasmid was a gift from Dr.
John Brumell (Hospital for Sick Children, Toronto, Canada). A

FLAG-VPS41 plasmid was a gift from Dr. Chihiro Akazawa
(Tokyo Medical and Dental University, Tokyo, Japan).

Antibodies and chemicals

We used primary antibodies to the following proteins: LC3B
(Cell Signaling Technology, 3868), ATG5 (Cell Signaling Tech-
nology, 12994), ATG7 (Cell Signaling Technology, 8558),
ATG12 (Cell Signaling Technology, 4180), TUBB/b-Tubulin
(Cell Signaling Technology, 2146), p-EIF4EBP1/4E-BP1 (Cell
Signaling Technology, 2855), EIF4EBP1/4E-BP1 (Cell Signaling
Technology, 9452), RPS6KB/S6K (Cell Signaling Technology,
2708), p-RPS6KB/S6K (Cell Signaling Technology, 9234), p-
ULK1 (Ser317; Cell Signaling Technology, 12753), p-ULK1
(Ser757; Cell Signaling Technology, 14202), ULK1 (Cell Signal-
ing Technology, 8054), mCherry (Medical & Biological Labora-
tories, PM005), GFP (Thermo Fisher Scientific, A11122),
FLAG epitope (Sigma-Aldrich, F1804), MYC epitope (Santa
Cruz Biotechnology, sc-789), BORCS5 (Abgent, AP5806b),
SNAP29 (Abcam, ab138500) and VAMP8 (Abcam, ab76021).
HRP-conjugated secondary antibodies were from Perkin Elmer
(NEF822001EA, NEF812001EA). Secondary antibodies conju-
gated to Alexa Fluor dyes were from Thermo Fisher Scientific.
Baf (B1793) and Torin2 (SML1224) were from Sigma-Aldrich.

CRISPR/Cas9 KO

BORCS5-KO, BORCS7-KO and ARL8B-KO HeLa cells have
been described previously.21,22 BORCS8-KO, BORCS6-KO,
KXD1-KO, KIF5B-KO, KIF1B-KO and KIF5B KIF1B-KO HeLa
cells were generated using CRISPR/Cas9.50 The targeting
sequences for BORCS8 (TTTCCCGGTTCGCTCGGCCG/
CTTTAATTACCGGTCCCCCC) and KXD1 (GATACCAC-
CACGGTTGGGTT/ GCTGGAACCTAACCCAACCG) were
cloned separately into pSpCas9 (BB)-2A-GFP plasmid (Addg-
ene, 48138; from Feng Zhang). HeLa cells were cotransfected
with 2 plasmids containing the different targeting sequences
for the same gene, and GFP-positive cells were selected on
FACSAria II (BD Biosciences, San Jose, CA, USA) after 48 h.
Single cell clones were isolated on 96-well plates. After 21 d,
genomic DNA was extracted, the fragment containing mutant
site was amplified by PCR on a S1000TM Thermal Cycler (Bio-
Rad Laboratories, Hercules, USA), and the cleavage between 2
guide sequences was identified DNA sequencing. The targeting
sequences for BORCS6 (GGAGGAGGAAGACAACGACG),
KIF5B (CTCTCACGGCCCTCGCGACCACAAGCCCTCAG)
and KIF1B (GTCGGGAGCCTCAGTGAAGG) were cloned
into pSpCas9 (BB)-2A-GFP plasmid separately. HeLa cells
were transfected with the plasmids containing the guide
sequences, and GFP-positive cells were selected by flow cytom-
etry after 48 h. Single cell clones were isolated on 96-well plates.
KO cells were identified by DNA sequencing or immunoblot-
ting. For KIF5B KIF1B double KO, the same protocol for
KIF1B knockout was used but on a KIF5B KO cell line.

Immunoblotting

Cells transfected with the indicated plasmids were washed twice
with ice-cold phosphate-buffered saline (PBS; Corning, 21-040-
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CV) and lysed in 1X LDS loading buffer (Thermo Fisher Scien-
tific, B0007). The cell lysates were separated by SDS-PAGE and
transferred to nitrocellulose membrane. The membrane was
blocked with 5% nonfat milk (Bio-Rad Laboratories,
1706404XTU) before incubation with primary and secondary
antibodies. Bound antibodies were visualized using SuperSignalTM

Chemiluminescent Substrate (Thermo Fisher Scientific, 34080).

Immunoprecipitation

Transfected cells were washed with ice-cold PBS and lysed in
lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 5 mM
EDTA, 1% Triton X-100 [Sigma-Aldrich, T9284], 3% glycerol
[Sigma-Aldrich, G6279]) with a protease inhibitor cocktail
(Roche, 11697498001). Cell lysates were clarified by centrifuga-
tion at 13,000 g for 20 min and incubated with GFP-trap mag-
netic agarose beads (ChromoTek, gtma-20) or anti-MYC/c-
myc agarose (Thermo Fisher Scientific, 20169) at 4�C for 4 h.
After 3 washes with lysis buffer, the precipitates were eluted
with 1X LDS loading buffer for GFP-trap precipitation or 3 £
MYC peptide (Thermo Fisher Scientific, 20170) for anti-MYC
precipitation. The precipitated samples were analyzed by
immunoblotting with the indicated antibodies.

Immunofluorescence microscopy

Cells were seeded on 5 mg/ml FN (fibronectin; Sigma-Aldrich,
F2006)-coated coverslips in 24-well plates at 40,000 cells per
well in normal culture medium. After transfection or proper
treatments, the cells were fixed in 4% paraformaldehyde (Elec-
tron Microscopy Sciences, 15714) in PBS for 20 min, permeabi-
lized with 0.2% Triton X-100 in PBS for 20 min, and blocked in
0.2% BSA (Sigma-Aldrich, A7030) in PBS for 20 min. For
endogenous LC3B staining, cells were further fixed in methanol
for 20 min at -20�C after the paraformaldehyde fixation. The
cells were sequentially incubated with primary and secondary
antibodies diluted with 0.2% BSA (Sigma-Aldrich, A7030) in
PBS for 30 min at 37�C. Coverslips were mounted on glass
slides using Fluoromount-G (Electron Microscopy Sciences,
17984-24). Cells were imaged using a Zeiss LSM780 confocal
microscope (Carl Zeiss AG, Oberkochen, Germany). The final
composite images were created using ImageJ (NIH).

Live-cell imaging

Cells were seeded on 5 mg/ml fibronectin-coated Lab-Tek
Chambered Coverglass units (Thermo Fisher Scientific,
155383). Twenty-four h after transfection, cells were imaged
using a spinning-disk confocal microscope (Intelligent Imaging
Innovations, Denver, CO, USA). Labeling of lysosomes with
internalized dextran was performed 4 h after transfection by
loading the cells with Alexa Fluor 647-dextran (Thermo Fisher
Scientific, D22914) for 16 h.

Statistics

One-way analysis of variance (ANOVA), followed by multiple
comparisons using the Dunnett or the Tukey test, was used for
statistical analysis of most data sets; the unpaired Student t test

was used where indicated. All graphs show the mean § SEM.
The statistical significance is generally denoted as follows:
���P < 0.0001, ��P < 0.001, �P < 0.01, except where indicated.

Abbreviations

AMPK AMP-activated protein kinase
ARL8A ADP ribosylation factor like GTPase 8A
ARL8B ADP ribosylation factor like GTPase 8B
ATG autophagy-related
BLOC-1 biogenesis of lysosome-related organelles

complex 1
BORC BLOC-1 related complex
EIF4EBP1/4E-BP1 eukaryotic translation initiation factor 4E

binding protein 1
EPG5 ectopic P-granules autophagy protein 5

homolog
FYCO1 FYVE and coiled-coil domain containing

1
HOPS homotypic fusion and vacuole protein

sorting
HTT huntingtin
IQGAP1 IQ motif containing GTPase activating

protein 1
KD knockdown
KIF kinesin family
KLC kinesin light chain
KO knockout
KXD1 KxDL motif containing 1
LAMP1 lysosomal associated membrane protein 1
LIR LC3-interacting region
MAPK8IP1/JIP1 mitogen-activated protein kinase 8 inter-

acting protein 1
MAP1LC3B/LC3B microtubule associated protein 1 light

chain 3 beta
NBR1 autophagy cargo receptor
OSBPL1A oxysterol binding protein like 1A
PLEKHM1 pleckstrin homology and RUN domain

containing M1
PLEKHM2/SKIP pleckstrin homology and RUN domain

containing M2
RAB7 member RAS oncogene family
RILP Rab interacting lysosomal protein
RPS6KB ribosomal protein S6 kinase B
SNAP29 synaptosome associated protein 29
SNAPIN SNAP associated protein
SNARE SNAP (soluble NSF attachment protein)

receptor
SQSTM1 sequestosome 1
STX17 syntaxin 17
TFEB transcription factor EB
ULK1 unc-51 like autophagy activating kinase 1
UVRAG UV radiation resistance associated
VAMP8 vesicle associated membrane protein 8
VPS vacuolar protein sorting
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