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ABSTRACT

The mechanisms orchestrating recycling of lysosomes through autophagic lysosome reformation (ALR) is
incompletely understood. Previous data show that genetic depletion of BLOC1S1/GCN5L1/BORCS1
increases autolysosome (AL) accumulation. We postulated that this phenotype may manifest due to
perturbed ALR. We explored this in control and bloc1s1 liver-specific knockout (LKO) mouse hepatocytes,
showing that in response to nutrient-deprivation LKO’s fail to initiate ALR due to blunted lysosomal
tubulation. As kinesin motor proteins and the intracellular cytoskeleton are requirements for tubular
formation from ALs, we explored the interaction of BLOC1S1 with motor proteins and cytoskeletal
factors. BLOC1S1 interacts with the ARL8B-KIF5B (GTPase and kinesin motor protein) complex to recruit
KIF5B to ALs. Furthermore, BLOC1S1 interacts with the actin nucleation promoting factor WHAMM,
which is an essential structural protein in the initiation of lysosomal tubulation (LT). Interestingly, the
genetic reintroduction of BLOC1S1 rescues LT in LKO hepatocytes, but not when KIF5B is concurrently
depleted. Finally, given the central role of MTORC1 signaling in ALR initiation, it was interesting that
MTORC1 activity was increased despite the absence of LT in LKO hepatocytes. Concurrently, inhibition of
MTORC1 abolished BLOC1S1 reconstitution-mediated rescue of LT in LKO hepatocytes. Taken together
these data demonstrate that the functional interaction of BLOC1S1 with the kinesin binding complex
and the actin cytoskeleton are a requirement for LT which, in parallel with MTORC1 signaling, initiate
lysosome recycling via ALR.

Abbreviations: 3-MA: 3-methyladenine; AL: autolysosome; ALR: autophagic lysosome reformation;
ARL8B: ADP-ribosylation factor-like protein 8B; ARPC2: actin related protein 2/3 complex, subunit 2;
ATAT1/aTAT1: alpha tubulin acetyltransferase 1; AVd: autophagic vacuoles, degradative; BLOC1S1/
GCN5L1: biogenesis of lysosomal organelles complex-1, subunit 1; CQ: chloroquine; KIF5B: kinesin family
member 5B; KLC1: kinesin light chain 1; LAMP1: lysosomal-associated membrane protein 1; LAMP2:
lysosomal-associated membrane protein 2; LC3B-I: cytosolic form of LC3B; LC3B-Il: lipidated form of
LC3B; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta; LKO: liver-specific knockout;
Lls: lysosome inhibitors; LT: lysosomal tubulation; Ly: lysosome; MTORC1: mechanistic target of rapamy-
cin kinase complex 1; PLEKHM2/SKIP: pleckstrin homology domain containing, family M (with RUN
domain) member 2; Snapin: SNAP-associated protein; SQSTM1/p62: sequestosome 1; SVPs: synaptic
vesicle precursors; TFEB: transcription Factor EB; TFE3: transcription factor E3; WHAMM: WAS protein
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homolog associated with actin, golgi membranes and microtubules.

Introduction

BLOCIS1/GCN5LI, is an enigmatic protein with a myriad
of functions, which is reflected in it having multiple alter-
nate nomenclatures, including BLOCI1S1, BLOS1 and
BORCSI. It was originally identified as a homolog to the
nuclear acetyltransferase KAT2A/GCNS5, and it contributes
to acetylation of lysine residues on mitochondrial and cyto-
solic proteins [1-4]. At the same time, protein interaction
and functional characterization studies support that
BLOCI1S1 is important in endo-lysosome biology, including
playing roles in endosome, vesicular and lysosome

positioning [5-7], in vesicular trafficking to lysosomes [8],
and in endosomal maturation and function [8,9].

Despite these diverse effects, the mechanisms orchestrat-
ing the functional contributions of BLOCISI are less well
characterized. Its role in mitochondrial protein acetylation
have been shown to be dependent on acetyl-CoA produc-
tion [4] or in targeting acetyl-CoA generating enzymes
[10], and in the cytosol, BLOCIS1 binds directly to
ATAT1 (alpha tubulin acetyltransferase 1) to promote
TUBA/a-tubulin acetylation [3]. At the same time,
BLOCISI appears to function as an adaptor protein and/
or an indispensable subunit of multiprotein complexes
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governing lysosome related organelle (LRO) biology. In this
context, BLOCI1S1 was initially identified as a component
of the multiprotein Biogenesis of Lysosome-related
Organelles Complex-1 (BLOC-1) and named BLOC-1 sub-
unit, i.e. BLOS1 or BLOCI1S1 [11]. BLOCIS1 was subse-
quently found to be a component of the BLOC-1 Related
Complex (BORC) and here it was named as BORC Subunit
1 (BORCS1). BORC consists of eight subunits, with three
shared with BLOC-1 [5,12], and five unique subunits desig-
nated as KXD1/BORCS4, and BORCS5 through BORCSS.
Genetic knockdown studies support that the disruption of
BLOCI1S1, BLOCIS2/BORCS2, SNAPIN/BORCS3, KXDI,
BORCS5 and BORCS6 regulate lysosome positioning [5]
and that the depletion of BORCS5 through BORCSS8 disrupt
autophagosome lysosome fusion with the concomitant
accumulation of autophagy proteins LC3B-II and the auto-
phagy receptor SQSTM1/p62 [12].

An interesting concept that seems to link the role of
BORCSI/GCN5LI in the mitochondria and cytosol, is the
nutrient-sensing responsiveness of this protein [10,13-15].
Based on the central autophagosome-lysosomal role in adap-
tation to nutrient-depletion [16] and the strong association
between BLOCI1S1 and endo-lysosomal biology we proposed
that the direct investigation into the role of BLOCI1S1 in
lysosomal homeostasis should further enhance our under-
standing of this protein in cellular biology.

The mechanisms orchestrating fusion of vesicles, endo-
somes and autophagosomes with lysosomes to facilitate the
degradation of extracellular particles and intracellular compo-
nents is relatively well established. In contrast, the subsequent
recycling of the lysosome, where autolysosomes (ALs) are
recycled into proto-lysosomes and subsequent mature lyso-
somes, a program termed autophagic lysosome reformation
(ALR), is less well characterized [17-19]. Interestingly, the
absence of BLOCISI results in the accumulation of autopha-
gosomes [20] and endolysosomes [8], raising the question
whether BLOCI1S1 is required for the progression to lysoso-
mal reformation. The initial structural requirement for this
lysosomal recycling program is termed lysosomal tubulation
(LT), where tubulations bud off from ALs prior to the scission
off of protolysosomes. The molecular machinery initiating LT
is currently being explored [21,22] and requires MTOR and
lipid second messenger signaling, cytoskeletal components
(microtubules) and the motor protein KIF5B (kinesin family
member 5B) to provide the infrastructure and force to facil-
itate extrusion of tubules from ALs [23]. We reasoned that
characterization of the role of BLOC1S1 in autophagosome-
lysosome biology and recycling through LT and the ALR may
shed further insight into the mechanisms underpinning the
cellular roles of BLOC1S1 and enhance our understanding of
the lysosomal reformation program.

As the hepatic autophagolysosomal system is exquisitely
responsive to nutrient deprivation to synthesize ketones and
glucose to sustain higher organisms during starvation, we
proposed that the liver would be the ideal organ to explore
the ALR. To explore the role of BLOCI1S1 in the ALR we
focused our studies on primary hepatocytes extracted from
blocisl liver-specific knockout (LKO) mice [15] compared to
littermate controls. In this study we find that the genetic

deletion of BLOC1S1/BORCSI in the liver partially phenoco-
pies various aspects of the genetic knockdown of other
BLOCI and BORC subunits. The major finding is that the
absence of BLOC1S1/BORCS1 completely blocks lysosomal
reformation by preventing the initiation of lysosomal tubula-
tion. Here, BLOCISI is shown to recruit the motor protein
KIF5B, the Arf-like small GTPase ARL8B and the linker
protein PLEKHM2/SKIP to the lysosome as a putative struc-
tural complex to initiate tubulation. In parallel BLOCISI
interacts and colocalizes with another critical LT actin cytos-
keletal interacting protein WHAMM on lysosomal tubules.
Finally, the role of BLOC1S1 appears to function in concert
with MTORCI signaling for the initiation of lysosomal tubu-
lation. This study extends our knowledge of the functioning of
a subunit of BLOC-1 and BORC and firmly integrates its role
in autolysosomal biology by showing its requirement for
lysosomal reformation.

Results

Bloc1s1 LKO hepatocytes accumulate autolysosomes and
lysosomes and partially retain lysosomal function

We previously showed that blocIs1/gcn511 KO MEFs and LKO
hepatocytes had elevated levels of autolysosomes (ALs) and
LAMP1 (lysosomal-associated membrane protein 1) [3,20].
Here we firstly quantified the levels of ALs and lysosomal
proteins compared to other intracellular organelles in LKO
hepatocytes. We confirmed that steady-state levels of LAMPI,
and additionally that LAMP2 levels were increased, without
changes in canonical endoplasmic reticulum or mitochondrial
protein levels in LKO compared to WT hepatocytes (Figure
1A). To validate this, we employed electron microcopy of liver
sections from 8-week-old LKO mice. We visualized a greater
accumulation of autophagic vacuoles (Avd) with high electron
density in the LKO livers and these structures comprised of
late ALs as evident by partially degraded cytoplasmic material,
and the more electron dense lysosomes (Figure 1B). To
further evaluate whether lysosomal proteolytic function was
intact in the LKO hepatocytes, we assayed lysosome acidity,
the activity of CTSL (cathepsin L) and the enrichment and
activity of CTSD (cathepsin D) within lysosomes in vivo using
fluorescent indicators, confocal microscopy and by immuno-
blot analysis. LysoSensor Green, which emits enhanced fluor-
escence in an acidic pH, was more robust in the LKO
hepatocytes (Figure 1C). In parallel, the cellular activity of
lysosomal CTSL was measured by its cleavage and subsequent
fluorescence of the Magic Red reagent MR-FR2 [24,25]. This
emission signal similarly showed increased fluorescence in the
LKO hepatocytes (Figure 1D). Furthermore, trafficking of the
lysosomal endoprotease CTSD into lysosomes was measured
by its interaction with the BODIPY-fluorescent label conju-
gated to pepstatin A [26]. Here too, we found that the accu-
mulation of bound BODIPY-FL-pepstatin A to CTSD was
increased in the LKO hepatocytes (Figure 1E). Although the
quantitation of individual hepatocyte LysoSensor, Magic Red
and pepstatin A fluorescence suggested increased lysosomal
activity per LKO hepatocyte (Figure 1 C-D-left panels), when
the intensity of these signals was corrected by lysosome
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Figure 1. BlocTs1 LKO hepatocytes exhibit aberrant accumulation of autolysosomes/lysosomes. (A) Immunoblot analysis shows increase LAMP1 and LAMP2 levels in
bloc1s1 LKO hepatocytes (LKO) lysates without changes in the levels of mitochondrial and ER proteins compared to WT hepatocytes. ACTB was used as loading
control. The accompanying histogram displays the relative quantified ratio of LAMP1 and LAMP2 after normalization to ACTB from three replicates. The endogenous
BLOC1S1 expression is depicted with a solid arrowhead. (B) Representative TEM images of WT and LKO liver tissues. The number of autophagic vacuoles (Avd)-like
structures with higher electron density were consistently increased in LKO liver sections. Lysosome (Ly) and autolysosomes (AL) are indicated by arrows and
arrowheads. The quantification of Ly and AL is shown on the bottom panel. n > 14 cells from each group were analyzed. (C) Fluorescence pH indicator LysoSensor
Green shows enhanced acidity in WT and LKO hepatocytes. The relative fluorescence per cell and normalized to cellular lysosomal area from 3 separate experiments
are shown in the accompanying histograms. (D) The fluorescence of Magic Red reagent represents the higher CTSL activity in LKO hepatocytes. The relative
fluorescence per cell and normalized to cellular lysosomal area from 3 separate experiments are shown in the accompanying histograms. (E) BODIPY FL-pepstatin
A (Green) staining representing the excess CTSD lysosomal uptake in LKO hepatocytes with the accompanying histograms showing quantitation. n > 20 cells from
each group analyzed in C-E. Bars represent mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, using the Student’s t test. Scale: 20 pym.

number, the acidity of the LKO hepatocytes were only mod-  chains [27]. These data showed that the levels of mature

estly, albeit significantly increased in LKO hepatocytes,
whereas cathepsin activity within each lysosome was similar
between genotypes (Figure 1 C-D-right panels). To further
characterize the functional capacity of these lysosomes we
assayed lysosomal-dependent cleavage of procathepsin
D. Denaturing gel electrophoresis was performed on whole
cell lysate and probed with an antibody recognizing a cleavage
intermediate as well as the mature heavy and light CTSD

cathepsin were modestly diminished with the retention of
excess intermediate forms in LKO hepatocytes. (Fig S1A).
These data suggest that in concert with the accumulation of
lysosomes, there is excess lysosomal proteins in the LKO
hepatocytes. However, the function of these lysosomes may
only be modestly disrupted as evident by the changes in pH
and CTSD cleavage effects. Overall these data strongly sup-
port an increased number of ALs and lysosomes in the
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Figure 2. LKO hepatocyte maintain autophagic flux despite impaired clearance of autophagosomes. (A) Confocal microcopy showing autolysosome accumulation in
LKO hepatocytes. The autolysosomes were visualized after transfection with transfected with mCherry-LC3B (red) and compared to the endogenous lysosome
enriched protein LAMP1 (green). The overlaid puncta (yellow) represent ALs. DNA was visualized with DAPI staining (blue). (B) The colocalized area (yellow) and
colocalized puncta (red-green-positive puncta) were determined in whole cell. n > 5 cells from each group were analyzed. (C) Confirmatory confocal microscopy
using pHluorin-mKate2, tandem fluorescent protein-tagged LC3B showed accumulation of both autophagosomes (yellow) and acidified (red - mKate2) ALs in LKO
hepatocytes in response to 5 h of nutrient deprivation. The arrowhead indicated the formation of autolysosome (red puncta). (D) Biochemical analysis showing
equivalent autophagic flux as shown by the accumulation of LC3B-Il in both genotypes in response to the combination of nutrient deprivation and Lls (leupeptin and
pepstatin A, 20 uM each). Cell lysates were immunoblotted with antibodies targeting LC3B, BLOC1S1, and ACTB. The intensity of LC3B-Il bands was normalized to
ACTB and expressed as a ratio relative to WT Ctrl (*p < 0.05, n = 4 experiments). (E) Autophagic flux in WT and LKO hepatocytes was calculated by using the
normalized intensity of LC3B-Il with Lls minus the intensity of LC3B-Il without Lls after 5 h starvation and expressed as a ratio relative to WT Starvation.(F)
Representative immunoblot analysis showing restoration of autophagic turnover in LKO hepatocytes following the rescue of BLOC1S1 levels by the measurement of
autolysosome substrates SQSTM1 and LC3B-Il (n = 3). (G) Immunoblot analysis showing the BLOC1S1-dose responsive dissipation of LAMP1 levels in LKO hepatocytes
in response to increasing amounts of Ad-BLOC1S1 transduction (n = 3). Endogenous BLOC1S1 immunoblot expression is depicted with a solid arrowhead.
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Figure 3. LKO hepatocytes are unable to initiate lysosomal tubulation in response to nutrient deprivation. (A) Confocal microcopy shows the greater extension of LTs
from ALs in WT vs. LKO hepatocytes as assessed by live imaging of RFP-LAMP1. The average length and number of LTs per cell are quantified. n > 10 cells from each
group were analyzed. (B) Confocal microcopy shows the emergence of LTs from RFP-LC3B and Dextran double-labeled autolysosomes in WT but not LKO hepatocytes
as assessed by live imaging. The average length and number of LTs per cell are quantified. n > 10 cells from each group were analyzed. (C) WT and LKO hepatocytes
were transduced with Ad-Ctrl or Ad-BLOC1S1 for 48 h and stained with LAMP1 antibody (green) and DAPI (blue). Arrowhead indicated the lamp1 positive tubules.
The average length and number of LTs per cell are quantified. n > 5 cells from each group were analyzed.
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Figure 4. Impaired lysosomal tubulation delays ALR and results in the enlarged lysosomes in LKO. (A) WT and LKO hepatocytes were infected with Ad-Ctrl and Ad-
BLOC1S1 for 48 h then starved with indicated time and stained using LAMP1 antibody (green) and DAPI (blue). Arrowhead indicated the lamp1 positive tubules.
Arrow indicated the retained autolysosomes. (B) WT and LKO hepatocytes were cultured for 48 h and stained with LysoTracker (red) for 30 min. and monitored by
confocal microscopy. The accompanying histograms show the relative size of the retained ALs:Lys and show the increase in LKO hepatocytes.

absence of BLOCI1S1 and suggest that the homeostasis of
these vacuolar organelles may be functionally compromised.

Bloc1s1 LKO hepatocytes accumulate autolysosomes
and retain autophagic flux

Increased lysosomes could result from increased lysosomal
biogenesis, from sustained biogenesis in parallel with delayed
fusion of autophagosomes with lysosomes, as evident in dis-
ruption of other BORC subunits [12], or from accelerated
recycling of lysosomes through the ALR process [17].
Alternatively, a combination of defects in these programs
could result in phenotype observed in the LKO hepatocytes.

To begin to understand this, we firstly assayed the steady-state
protein levels of master regulators of lysosomal biogenesis,
TFEB and TFE3, and found that the TFEB steady-state level
was attenuated rather than induced in LKO hepatocytes (Fig
S2A). However, the evaluation of nuclear translocation of
TFEB show that the levels were the same in WT and LKO
hepatocytes (Fig S2B). This data would rather suggest that the
lysosomal biogenesis activity is similar between the genotypes
and cannot, in isolation, explain why there are more lyso-
somes in LKO hepatocytes.

To further explore the phenotype of excess ALs and lyso-
somes we began to explore the flux through the autophagy
pathway. Interestingly, we had previously found increased
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Figure 5. The recruitment of kinesin 1 complex to lysosome by BLOC1S1 was essential for lysosomal tubulation. (A-D) Co-immunoprecipitation studies revealed an
association between BLOC1S1 with KIF5B complex subunits. 293 T cells were co-transfected Flag-BLOC1S1 with GFP-ARL8B (A), MYC-PLEKHM2 (B), HA-KLC1 (C) or
GFP-KIF5B (D) for 48 h and then immunoprecipitated with either IgG or an indicated antibody and then subjected to immunoblot analysis with antibodies to Flag,
MYC, HA and GFP. (E) GFP affinity isolation showed the direct interaction of His-BLOC1S1 and GFP-ARL8B protein in vitro. 293 T cells were transfected with GFP-ARL8B
for 48 h and then immunoprecipitated with either IgG or an GFP antibody conjugated magnetic beads. After washing, the beads were incubated with purified His-
BLOC1S1 protein and then subjected to immunoblot analysis. (F) Co-immunoprecipitation studies revealed an association between BLOC1S1 with KIF5B complex
subunits. 293 T cells were co-transfected GFP-ARL8B with MYC-PLEKHM2 and HA-KLC1 for 48 h and then immunoprecipitated with either IgG or indicated antibody-
conjugated magnetic beads. After washing, the beads were incubated with purified His-BLOC1S1 protein and then subjected to immunoblot analysis. (G) Lysosomes
were rapidly isolated for WT and LKO hepatocytes using the LysolP method. Immunoblot analysis shows ARL8B and BLOC1S1 are absent from LKO extracted
lysosomes. LAMP1 was used as loading control. (H) WT and LKO hepatocytes were transiently transfected with GFP-ARL8B for 24 h, then incubated with fluorescence-
labeled dextran (red) overnight and imaged using live cell confocal microscopy. Arrowhead indicated GFP-ARL8B and Dextran double labeled tubules. Arrows indicate
GFP-ARL8B only labeled tubules indicating an absence of association with ALs. (I) WT and LKO hepatocytes were infected with AD-BLOC1S1, then transfected with si-
Ctrl and si-Kif5b for 48 h and monitored using live cell confocal microscopy after loading with fluorescence-labeled dextran (green) overnight. The knockdown of
Kif5b impaired BLOC1S1 rescue of LT.



3714 K. WU ET AL.

@
%

A P B

Flag isolation His-BLOC1S1
Anti-Flag - +

& His-BLOC1S1 + Flag-WHAMM _:32 0a
Flag-WHAMM [ B]-os k0 Flag-WHAMM EL% o, CFP-ARLEB[== | W=

Input
anti-Flag
i Input
+1gG
+anti-GFP

His-BLOC1S 1Ml W14 k0a His-BLOC1S1[F Wl ., 5, His-BLOC1ST -

His-BLOG1S T

14 kDa

WT LKO

Figure 6. The BLOC1S1 interacted with and co-localized with WHAMM on lysosomal tubules to regulate actin nucleation on autolysosomes/lysosomes. (A) 293 T cells
were co-transfected with Flag-WHAMM and His-BLOC1S1, and then immunoprecipitated with either IgG or anti-Flag antibodies and then subjected to immunoblot
analysis using anti-Flag and anti-His antibodies. (B) Flag affinity isolation showed the direct interaction of and Flag-WHAMM with His-BLOC1S1 protein in vitro. 293 T
cells were transfected with Flag-WHAMM for 48 h and then immunoprecipitated with either IgG or a Flag antibody conjugated magnetic beads. After washing, the
beads were incubated with purified His-BLOC1S1 protein and then subjected to immunoblot analysis. (C) BLOC1S1 concurrently interacted with WHAMM and ARLS8B.
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His-BLOC1S1, Flag-WHAMM and Dextran triple labeled tubules. (E) WT and LKO hepatocytes were co-incubated with Dextran-488 and SiR-actin following 5 h of
nutrient depletion, then observed using superresolution confocal microscopy. The colocalization of > 1 um autolysosomes/lysosomal with actin were extracted by
ImagJ and highlighted by arrowheads in far-right panels. The quantitation from n > 14 cells per group are shown in the accompanying histogram
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and ACTB and show the dissipation of RPS6KB1 phosphorylation by the inhibition of autophagosome lysosome fusion. The ratio of phospho-RPS6KB1 to RPS6KB1
were shown on the accompanying histogram. Endogenous BLOC1S1 immunoblot expression is depicted with a solid arrowhead. (C) WT and LKO hepatocytes were
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against phospho-RPS6KB1, RPS6KB1, BLOC1S1, and ACTB. These data support that blocking both autophagosome formation (3-MA) and lysosomal degradation (Lls)
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LKO hepatocytes were transduced Ad-RFP-LAMP1 with Ad-Ctrl or Ad-BLOC1S1 for 48 h and stained in parallel with the administration of DMSO (Ctrl) or rapamycin
(100 nM) in conjunction with nutrient deprivation (5 h). Live imaging confocal microscopy was then performed and the average length and number of LTs per cell
were quantified. n > 10 cells from each group were analyzed.
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levels of the autophagy mediators LC3B-II and SQSTM1 in
bloc1s1 KO mouse embryonic fibroblasts (MEFS) [20], which
suggested that autophagy may be perturbed in the absence of
BLOCISI. To explore this in the liver and to characterize this
at a dynamic level we delineated autophagic flux, by inducing
autophagy in response to nutrient deprivation (5 h of incuba-
tion in serum, glucose and glutamine free media) [17], and by
inhibition of lysosomal proteolysis using pepstatin A and
Leupeptin (lysosome inhibitors — LIs) in hepatocytes [25,27].
For the initial confocal microcopy analysis WT and LKO
hepatocytes were transduced with mCherry-LC3B. In
response to nutrient deprivation we observed a significant
accumulation of mCherry-LC3B puncta in LKO hepatocytes
(Figure 2A). Concurrent immunostaining for endogenous
LAMPI showed a significant (indicated by Pearson’s coeffi-
cient in Fig. S3A), albeit incomplete colocalization of
mCherry-LC3B puncta with LAMPI1, supporting that the
LKO hepatocytes retained the ability to generate ALs (Figure
2A). Quantitative analysis of colocalization suggested
increased ALs formation in LKO hepatocytes (Figure 2B).
We further validated these data by performing experiments
where we substituted mCherry-LC3B with adenoviral vectors
harboring GFP-tagged LC3B and obtained similar results (Fig
S3C). To confirm this concept, we then transfected primary
hepatocytes with a tandem fluorescent pHluorin-mKate2-
tagged LC3B expression vector. As the green pH sensitive
pHluorin would be quenched by acidification within ALs,
this should result in an augmented far red mKate2 signal in
the event of intact AL formation [28]. In the overlaid images,
the LKO and WT hepatocytes both displayed red organelles
consistent with acidified ALs, supporting that the trafficking
of LC3B from autophagosomes to ALs was retained in both
WT and LKO hepatocytes (Figure 2C). This was further
validated by immunofluorescence and immunoblot analysis
where the addition of the proteolysis inhibitors (LIs) increased
LC3B-II accumulation in both WT and LKO hepatocytes in
response to nutrient restriction (Figure 2D and S3B-C). The
calculated maximal autophagic flux, as quantified by densito-
metric changes in signal by immunoblot analysis, in the pre-
sence of LIs, was similar in the two genotypes (Figure 2E). To
substantiate that the accumulation of autophagosome, AL and
lysosome proteins were dependent on the depletion of
BLOCIS], rescue experiments were performed using adeno-
viral transduction of BLOCISI into primary LKO hepato-
cytes. The restoration of BLOCIS1 in LKO hepatocytes
reduced SQSTM1, LC3B-II (Figure 2F) and LAMPI levels
(Figure 2G). Together these data strongly supported that
blocls1 LKO hepatocytes accumulated autolysosomes,
retained autophagic flux and AL generative capacity and
appeared to accumulate and maintain lysosome acidification.
Collectively these data pose the question as to whether these
steps in the complete autophagosomal-lysosomal pathway are
constipated by disruption of the recycling through ALR in the
LKO liver?

Bloc1s1 LKO hepatocytes have impaired LT and ALR

To explore lysosomal tubulation (LT) as the initial step in
ALR, primary hepatocytes were transduced with adenoviral

RFP-LAMPI. Five hours after nutrient deprivation, confocal
microcopy in WT hepatocytes showed abundance of RFP-
LAMPI labeled tubules extending from autolysosomal bodies
(Figure 3A). In contrast, there was a paucity of these tubula-
tions in the LKO hepatocytes (Figure 3A). The average length
and number of the tubules in cells showed that the formation
of lysosomal tubules was significantly impaired by BLOC1S1
deficiency (Figure 3A). To confirm that this phenomenon
arose from lysosomes, the cells were loaded with Dextran-
647, which has been shown to localize to lysosomes [29].
Here, GFP-LAMP1 was colocalized with the Dextran Alexa
Fluorophore loaded LTs in the WT, which again was not
evident in the LKO cells (Fig S4A). This finding was further
confirmed using LAMP1 antibody, which similarly overlaid
with lysosomes loaded with LysoTracker Red (Fig S4B). To
validate that these LTs arose from autolysosomes hepatocytes
were transfected with the RFP-LC3B and loaded with
Dextran-647. Here too, the WT hepatocytes showed extensive
LTs from LC3B and Dextran double-labeled autolysosomes
with an absence of these protrusions in LKO hepatocytes in
response to nutrient deprivation (Figure 3B). To validate the
role of BLOCI1S1 in this process, reconstitution studies were
performed. Overexpression of BLOC1S1 with the adenoviral
transduction restored LT protrusions in LKO hepatocytes
(Figure 3C). To further explore the dynamic formation of
LT and the progression of ALR, primary hepatocytes were
starved for 5 and 10 h and the distribution of endogenous
LAMP1 was imaged by confocal microcopy. In WT hepato-
cytes, 5 h after starvation LT lengths were increased along
with the progressive loss of autolysosomes and ALR was
completed by 10 h of starvation (Figure 4A). This process
was markedly retarded in the LKO hepatocytes with residual
autolysosomes still present after 10 h of starvation (Figure
4A). This defective ALR processing was similarly rescued
following adenoviral-expressing BLOC1S1 transduction into
LKO hepatocytes (Figure 4A). Additionally, the starvation
study suggested that the AL size increases with nutrient
deprivation at 10 h in the LKO hepatocytes due to the dis-
ruption in recycling (Figure 4A). To validate this, hepatocytes
were loaded with LysoTracker Red and imaged under nutrient
rich conditions at 48 h. Here, the size of the ALs/Lys in LKO
hepatocytes was significantly larger than in the WT (Figure
4B). Together these data strongly support the disruption of
the ALR in the absence of BLOCISI.

BLOC1S1 interacts with the ARL8B-PLEKHM2-KLC1-KIF5B
complex to initiate lysosomal tubulation

Although the molecular control of the LT is not completely
characterized, the role of kinesin motor proteins [22] and the
intracellular cytoskeleton [30] have been shown to orchestrate
this process. In parallel, the BORC complex controls lysoso-
mal mobility in conjunction with kinesin motor proteins
depending on the recruitment of KIF5B to lysosomes by the
ARL8B-PLEKHM?2 (pleckstrin homology domain containing,
family M (with RUN domain) member 2)-KLC1 (kinesin light
chain 1) complex [5]. As BLOCISI is a subunit of BORC
complex, we evaluated whether BLOCIS1 plays an integrative
role in the kinesin motor for LT initiation. The motor protein
KIF5B (kinesin family member 5B) plays a role in initiating
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the initiation or extension of lysosomal tubules, thereby impairing the ALR. The consequences of this blockade resulted in accumulation of enlarged autolysosomes

which induced hyperactive MTORC1.

LT by pulling on the autophagolysosomal membrane [22]. At
the same time the interaction of KIF5B, with the KLC1, the
ARF-like small GTPase ARL8B and the linker protein
PLEKHM2 are essential for the centrifugal trafficking of lyso-
somes [5,31]. To explore the role of BLOCI1SI in LT, we first
evaluated whether BLOC1S1 associated with these proteins
and found by immunoprecipitation in HEK293T cells that
BLOCI1S1 interacted with KIF5B, KLC1, ARL8B and
PLEKHM2 (Figure 5A-D). However, in-vitro pull down
assays did not support a direct interaction between
BLOCI1S1 with KIF5B, KLC1 or PLEKHM2 (Fig S5A-C),
implicating that these interactions were indirect. At the
same time, as the BORC complex has been shown recruit
ARLSB to lysosomes to initiate this motor complex formation
[5], the interaction of ARL8B with BLOCI1S1 was also assessed
using in-vitro pull-down assays and here we validated that
His-tagged BLOCI1S1 directly bound to GFP-tagged ARLSB
(Figure 5E). We further validated that the BLOC1S1-ARLSB
was bound to the motor protein complex by showing that the
in-vitro pull-down of His-BLOCISI interacted with GFP-
ARL8B, HA-KLC1 and MYC-PLEKHM?2 (Figure 5F). The
direct interaction of BLOC1S1 with ARL8B was further sup-
ported by the finding that isolated lysosomes from WT but
not from LKO hepatocytes had evidence of incorporated
BLOC1S1 and ARL8B (Figure 5G and Fig S5D-E).
Furthermore, confocal microscopy studies showed that GFP-

tagged ARL8B colocalized with Dextran-647 in WT LTs but
not in the LKO hepatocytes suggesting the association of
ARL8B with LT was abolished in the absence of BLOC1S1
(Figure 5H). Interestingly, overexpression of ARLSB in the
LKO cells promoted tubular formation but these were not
linked to lysosomes as evident by their lack of colocalization
with Dextran-647 implicating BLOCISI in the localization of
ARLSB to lysosomes (Figure 5H). Prior studies have shown
that ARL8B associate with endosomes [32] which may explain
their location in the LKO hepatocytes. Consistent with Figure
3C, defective LT formation in LKO hepatocytes was restored
when BLOCI1S1 was overexpressed through adenoviral trans-
duction (Figure 5I panel 3). However, this process was abol-
ished when the motor protein KIF5B was depleted by siRNA
(Figure 5I panel 4). As reported, knockdown of Kif5b in WT
hepatocytes also disrupted the LT formation (Fig S6A-B) [22].
Intriguingly, the recruitment of KIF5B to lysosomes via over-
expression of a lysosome targeting kinesin binding sequence
(KBS) was unable to restore LT in LKO hepatocytes, implicat-
ing that the combined interactions of BLOC1S1 with KIF5B
and ARL8B are necessary to initiate LT (Fig S6C).

At the same time, clathrin and its AP2 adaptor protein are
essential component for the initiation of LT and ALR and are
involved in the recruitment of KIF5B to the microdomain of
LT [33]. We therefore tested whether the siRNA knockdown
of Cltc (clathrin, heavy polypeptide (Hc)) and/or AP2Al
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Table 1. Recombinant DNA Constructs used in this study.

Table 2. Antibodies used in this study.

Plasmids Protein Notes
Flag-BLOC1S1 BLOC1S1 [3]
His-BLOC1S1 BLOC1S1 This work
pEX-PK-hLC3 HsLC3B pEX-PK-hLC3 was a gift from Isei Tanida
(pHluorin-mKate2 (Addgene, 61,458)
-LC3)
mEos2-Lysosomes LAMP1 mEos2-Lysosomes-20 was a gift from
-20 (GFP-LAMP1) Michael Davidson (Addgene, 57,397)
LAMP1-RFP LAMP1 LAMP1-RFP was a gift from Walther Mothes
(Addgene, 1817)
pmRFP-LC3 LC3B pmRFP-LC3 was a gift from Tamotsu
Yoshimori (Addgene, 21,075)
HA-KLC1 KLC1 [5]
GFP-ARL8B ARL8B [5]
GFP-KIF5B KIF5B [5]
MYC-PLEKHM2 PLEKHM2 [5]
KBS-LAMP1-GFP KBS- [5]
LAMP1
Flag-WHAMM WHAMM OriGene (CAT: MR223421)
pLJC5-TMEM192 TMEM192 pLJC5-TMEM192-3xHA was a gift from

-3xHA (LysolP) David Sabatini (Addgene, 102,930)

(adaptor-related protein complex 2, alpha 1 subunit) could
prevent the rescue of LT is LKO hepatocytes and showed that
the depletion of either factor prevented BLOCI1S1-mediated
rescue of LT (Fig S6D-E). Furthermore, siRNA knockdown of
Cltc and Ap2al did not disrupt the accumulation of BLOCIS1
and ARL8B within lysosomes (Fig S6F). Taken together these
data show that BLOCIS1 functions in concert with these
canonical ALR mediators supporting the role of BLOC1S1
in integrating the motor protein complex with ALs for LT
initiation.

BLOC1S1 interacts with the actin cytoskeleton during LT
initiation

Interestingly, the actin nucleation promoting factor
WHAMM, which also associates with membranes and micro-
tubules, has recently be identified as an essential structural
protein in the initiation of LT [30]. Since our data suggests
BLOCIS! is required for LT formation, we tested whether
BLOCIS]1 associated with this actin scaffolding protein during
LT initiation. Co-expression of His-tagged BLOC1S1 and
Flag-tagged WHAMM in HEK293T cells resulted in co-
immunoprecipitation of BLOCIS1 when anti-Flag antibody
was used to IP WHAMM as compared to IgG control (Figure
6A). In parallel, experiments using both recombinant His-
tagged BLOCISI and cell lysate from Flag-WHAMM trans-
fected cells showed a direct interaction between BLOC1S1 and
WHAMM (Figure 6B). Given the parallel interaction between
BLOCIS1 and ARL8B, we employed the in-vitro pull-down
assay to assess whether ARL8B and WHAMM directly inter-
act. We did not find an interaction between these two proteins
(data not shown), however, purified His-tagged BLOC1S1 did
interact with both Flag-WHAMM and GFP-ARL8B when
they were co-transfected into 293 T cells (Figure 6C).
Furthermore, confocal microcopy imaging demonstrated
that BLOC1S1 and WHAMM (Figure 6D) were co-localized
with LTs in WT hepatocytes. Given that WHAMM has
a distinct lysosome binding domain which binds to PI(4,5)
P2 on lysosomes [30], it was not unexpected that BLOC1S1
was not required for WHAMM localization to lysosomes (Fig
S7A). Additionally, the inhibition of actin polymerization

Working
Antibody Cat. number  dilution Source
Mouse anti-ACTB/B- 3700 1:1000(IB)  Cell Signaling
Actin Technology
Rabbit anti-ARL8B LS-C456372  1:500(IB) LSBio
Rabbit anti-VDAC1 4661 1:1000(IB)  Cell Signaling
Technology
Mouse anti-TUBA1B/a- sc-8035 1:1000(1B) Santa Cruz
tubulin Biotechnology
Rabbit anti-TOMM20 42,406 1:1000(IB)  Cell Signaling
Technology
Mouse anti-CANX MAB3126 1:1000(IB) Millipore
Mouse anti-CTSD AF1029 1:1000(IB) R&D Systems
Mouse anti-LC3B L8918 1:1000(IB) Sigma
Rabbit anti-SQSTM1/p62 5114 1:1000(IB)  Cell Signaling
Technology
Rabbit anti-TFEB A303-673A 1:1000(IB) Bethyl Laboratories
Rabbit anti-TFE3 ABE1400 1:1000(IB) Millipore
Rabbit anti-RPS6KB1 9202 1:1000(IB)  Cell Signaling
Technology
Rabbit anti-phospho- 9204 1:1000(IB)  Cell Signaling
RPS6KB1 Technology
Rabbit anti-MTOR 2972 1:1000(IB)  Cell Signaling
1:100(IP)  Technology
Rabbit anti-H4C1 13,919 1:1000(IB)  Cell Signaling
Technology
Rabbit anti-BLOC1S51 Home made  1:1000(IB) [1]
Mouse anti-Flag F3165 1:1000(IB) Sigma
1:400(IF)
1:250(IP)
Mouse anti-HA 11,583,816,001 1:1000(I1B) Roche
1:100(IP)
1:100(IF)
Rabbit anti-HA sc-7392 1:1000(1B) Santa Cruz
Biotechnology
Rabbit anti-GFP sc-8334 1:1000(1B) Santa Cruz
Biotechnology
Rabbit anti-LAMP1 ab24170 1:1000(IB) Abcam
1:800(IF)
Rat anti-LAMP1 1D4B 1:1000(IB) Developmental
1:200(IF)  Studies Hybridoma
Bank
Rat anti-LAMP2 sc-19,991 1:1000(I1B) Santa Cruz
Biotechnology
Anti-HA Magnetic Beads 88,837 20 L per Thermo
sample  ScientificThermo
Fisher
GFP-Trap Magnetic gtma-20 20 pL per Chromotek
Agarose sample
Myc-Trap Magnetic ytma-20 20 pL per Chromotek
Agarose sample
IRDye® 800CW Goat 926-32,210 1:10,000 LI-COR
anti-Mouse 1gG (IB)
(H+L)
IRDye® 800CW Goat 926-32,211 1:10,000 LI-COR
anti-Rabbit IgG (IB)
H+1D
IRDye® 680RD Goat anti-  926-68,070 1:10,000 LI-COR
Mouse 1gG (H + L) (IB)
IRDye® 680RD Goat anti-  926-68,071 1:10,000 LI-COR
Rabbit 19G (H + L) (IB)

Immunofluorescence Microscopy.

with Latrunculin A, abolished LT in nutrient deprived WT
hepatocytes indicating the actin cytoskeleton was required for
LT (Fig S7B). Interestingly, inhibition of microtubule poly-
merization with Nocadazole similarly disrupted LT in nutri-
ent-deprived WT hepatocytes (Fig S7B) suggested that
a parallel, microtubular cytoskeleton mediated process played
an important role in the LT. In support of this, siRNA deple-
tion of both the BLOC-1 subunits (Blocls6 and Blocls5) and
the BLOC-1/BORC shared subunit (snapin/BORCS3) have
been shown to partially disrupt endosomal tubulation by
disrupting the actin and microtubular cytoskeletons [34].



Interestingly, the role of BLOCISI deficiency in the funda-
mental function of actin nucleation to dynamically shape and
remodel membranes does not appear to be grossly impaired
given that the overall similar pattern of actin distribution, as
assessed by F-actin staining, in WT and LKO hepatocytes
(Figure 6E). However, quantitation of the interaction points
between actin and the > 1 um autolysosome/lysosomes shows
that in the absence of BLOCISI the colocalization of actin
with autolysosome/lysosomes are diminished (Figure 6E, right
panels). These data further support that the interaction of
BLOCIS1 with the actin cytoskeleton play a role in lysosomal
tubulation.

Bloc1s1 LKO hepatocytes exhibit constitutive MTORC1
activation

When the process of LT was initially defined, MTORCI reacti-
vation was implicated in playing a pivotal role in the initiation
of the ALR [17]. However, we have previously shown that
MTORCI activity is constitutively active in blocls] LKO hepa-
tocytes [35], whereas in this study the LKO hepatocytes are
unable to initiate LT. The prior mechanism identified driving
MTORCI activation in the LKO hepatocytes was due to the
deacetylation of hepatic glutaminase and, increased enzyme
activity resulting in increased a-ketoglutarate (a-KG) levels
[35]. At the same time, protein degradation in ALs similarly
reactivates MTORCI1 signaling during prolonged autophagy
[17], and MTORCI has been shown to be associated with the
lysosomal membrane [17,36,37]. These data raised the question
as to whether MTORCI activity is also increased in the LKO
hepatocytes due to the accumulation of ALs during starvation.
Firstly, we confirmed that MTOR binds to ALs in both the WT
and LKO hepatocytes during 5 h nutrient deprivation condi-
tion (Figure 7A) and LKO hepatocytes had higher MTORC1
activity at both 5 and 10 h of starvation (Figure 7B), which was
consistent with the accumulation of ALs in LKO as shown in
Figure 1A-B. To further assess effects of the degradation in AL
on MTORCI activity, we prevented the digestion in AL by
neutralizing the acidic AL with chloroquine (CQ). Here we
found that the disruption of AL digestion blunted hyper-
activity of MTORCI1 in the LKO hepatocytes during starvation
(Figure 7B). These data supported that the prevention of lyso-
somal tubular formation in the LKO hepatocytes may also
contribute to increased MTORCI activity in LKO hepatocytes
through the accumulation of ALs. In addition, we found that
blocking both autophagosome formation (3-MA) and lysoso-
mal degradation (LIs) blunted the hyperactivity of MTORCI in
LKO during starvation, although the major effect on the higher
MTORCI activity in LKO hepatocytes appears to be due to
lysosomal digestive activity in the enlarged AL in these cells
(Figure 7C). Finally, as we had previously shown that the
reconstitution of BLOCIS1 could rescue the lack of ALR in
LKO hepatocytes, we explored whether this was operational
when MTORCI was inhibited in conjunction with BLOC1S1
reconstitution. Here we find that the coadministration of rapa-
mycin and BLOCIS1 abolished the ability of BLOCISI to
rescue ALR in LKO hepatocytes (Figure 7D). However, rapa-
mycin pretreatment did not abolish lysosomal accumulation of
BLOCI1S1 and ARL8B in WT hepatocytes (Fig S8A). Taken

AUTOPHAGY (&) 3719

together, these data further support that MTORCI signaling
functions in concert with the structural components afforded
by BLOCIS1-ARL8B-KIF5B complex to initiate ALR in
hepatocytes.

Discussion

The results presented here extend our understanding of the
role of BLOCISI/GCN5L1/BORCS1 in autophagosome-
lysosome biology by showing its requirement for the initia-
tion of lysosomal tubulation to enable lysosomal reforma-
tion. BLOC1S1 is shown to bind to and promote the
accumulation of KIF5B, KLC1, ARL8B and PLEKHM2 on
lysosomes as a putative structural complex to initiate tubu-
lation. In parallel, BLOCIS1 also interacts with the actin
nucleation promoting factor WHAMM, a required cytoske-
letal factor for LT initiation. Moreover, the data from this
study shows that the colocalization of BLOCISI and its
motor and structural protein cofactors to ALs function in
concert with MTORC1 mediated signaling to initiate LT.
A schematic depicting these roles of BLOCISI is shown in
Figure 8.

The expanding role of BLOC1S1 in endosomal,
autophagosome, lysosome and lysosome-related
organelle biology

The initial indication that BLOC1S1 was linked to vacuo-
lar organelle homeostasis was its identification as
a subunit of the BLOC-1 complex linked to the biogenesis
of lysosome related organelles [11]. A drosophila
BLOCIS1 deficiency model subsequently showed impaired
intracellular protein trafficking and reduced eye pigmenta-
tion [38]. Interestingly, although the murine germline
blocls1 knockout was embryonic lethal [8,20], E14.5
embryos similarly showed defects in eye pigmentation,
supporting the role of BLOCISI in melanocyte biogenesis
[8]. The role of BLOCIS1 in vesicular trafficking was
further confirmed where BLOC1S1 depletion delayed epi-
dermal growth factor receptor (EGFR) degradation [8]. In
that context BLOCIS1 interacted with sorting nexin 2
(SNX2) and the endosomal sorting complex required for
transport 1 component, TSG101 to mediate the sorting of
EGEFR into endosomal compartments [8].
BLOC1S1/BORCS1 has also been implicated in modu-
lating lysosome and synaptic vesicular positioning within
cells. Here, the genetic knockdown of bloclsl phenocopied
depletion of other BORC subunits and resulted in reduced
dissemination of lysosomes to the cell periphery [5]. This
perturbation in the trafficking of lysosomes resulted from
BORC defect-mediated impairment of the recruitment of
the GTPase ARL8B to the lysosome membrane [5]. An
addition role of BLOCISI in lysosome positioning was
identified by its role in microtubular acetylation and sta-
bility [3]. Furthermore, the axonal transport of synaptic
vesicle precursors (SVPs), an additional ARL8B-dependent
trafficking event, was similarly disrupted following the
genetic depletion of BLOC1S1 [6]. However, biochemical
studies suggested that a different BORC subunit termed
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SAM-4, rather than BLOCI1S1/BORCSI, functions as the
ARL8 guanine nucleotide exchange factor in SVPs [6].

In this study we expand the understanding of the role of
BLOCI1S1 showing that it, in association with the motor proteins
KIF5B and the GTPase ARLSB, are necessary for the initiation of
lysosomal tubulation as the initiating event of ALR.
Concurrently, despite the known close physical proximity of
BLOCI1S1 [3] to additional LT initiation proteins clathrin and
AP2 [33,39] we have not proven a direct interaction of these
proteins with BLOC1S1. However, the inability of BLOC1S1 to
rescue LT in LKO hepatocytes following the depletion of clathrin
and AP2, and the role of clathrin and AP2 in the recruitment of
KIF5B to the LT initiation complex [33], support a synergistic
role of BLOC1S1 with clathrin and AP2 in the composition of
the motor protein complex for LT initiation.

At the same time, a paradox has emerged, given that
autophagic flux appears to be maintained in LKO hepato-
cytes despite the persistent activation of MTORCI in the
liver [35]. Whether this reflects redundancy in hepatic
autophagy, to circumvent MTORCI activation, due to
the liver’s central role in systemic fuel substrate recycling
under nutrient deprivation conditions will need to be
investigated.

Furthermore, our data shows that the number of lysosomes
in the LKO hepatocytes are increased, despite disruption in
lysosome recycling. This does not appear to be solely due to
TFEB activity, although TFEB activation has been shown to be
induced in BLOCI1S1 deficient in primary mouse embryonic
fibroblast cells [40]. In contradiction to this, MTORCI activ-
ity is increased in LKO hepatocytes and the activation of
TFEB is known to be blunted by MTORCI activity [41].
Taken together these data suggest that the mechanism/s
orchestrating increased lysosomal content in the bloclsl
LKO hepatocytes require additional study.

Overlapping and distinct roles of the BORC/BLOC-1
complex-subunits in organelle tubulation

A major limitation to our understanding of BLOC1S1 and the
other BLOC-1 and BORC multi-subunit complexes, is that
together, these two complexes are composed of 13 core sub-
units, including 3 shared subunits and a myriad of associated
motor, cytoskeletal, adaptor/linker and catalytic proteins and
enzymes. The combination of genetic manipulations required,
using reductionist approaches, to dissect the specific function
of each subunits, its interaction with all other subunits and
the concomitant cellular adaptations to the disruption of
individual subunits is technically feasible, but biologically
more challenging. Nevertheless, insight can be gained from
evaluating the overlapping phenotypes described by the indi-
vidual disruption of BLOC-1 and BORC subunits to compare
them to the knockout of BLOCI1SI in the processes of vacuo-
lar organelle tubulation.

Snapin/BORCS3, which like BLOCIS], is a shared subunit
between BLOC-1 and BORGC, has also been linked to lysosome
tubulation in neurons. It has been shown that the overexpres-
sion of Snapin increases LT length whereas a dominant nega-
tive Snapin mutant, blunts LT length [27]. Although, the
assessment of LT initiation was not assessed in snapin KO

neurons, these cells did phenocopy our finding with evidence
of AL accumulation and a modest reduction in CTSD matura-
tion [27]. Although, the disruption of Snapin appears to have
a more robust effect on modulating lysosomal acidification
than the disruption of BLOC1S1 [42]. These data suggest that
Snapin/BORCS3 and BORCS1/GCN5L1 may both play impor-
tant and potentially interrelated roles in AL and ALR biology.
The role of other BLOC-1 or BORC complexes in LT initiation
do not appear to have been extensively evaluated. However, the
combined reduction of BLOC-1 exclusive subunits (BLOC1S6,
BLOC1S5 and DTNBP1) impair endosomal tubulation and
recycling [34]. In that study endosomal tubulation is dependent
of KIF13A-dependent mobility of endosomal tubules along the
actin and microtubule cytoskeletons [34].

The initial description of lysosomal tubulation showed that
the reactivation of MTORCI after a period of prolonged starva-
tion was a necessary signaling event for LT initiation [17]. Here
we show that the structural association of BLOCISI and its
interacting partners work in concert with MTORC1 signaling
to initiate LT. The synergistic effects of MTORCI activation and
the role of BLOCI1SL is further evident in that LKO hepatocytes
exhibit persistent activation of MTORC1 [35], but are unable to
initiate LT in the absence of BLOCISL1. Interestingly, the genetic
knockout of the exclusive BORC subunits BORCS5 through
BORCS8 in HeLa cells did not result in MTORCI activation
[12]. This again, supports distinct roles of the different subunits.
Alternatively, as the liver is one of primary organs for fuel
substrate synthesis during starvation, an additional possibility
would be that the higher autophagic capacity in the liver, with
AL accumulation would result in greater MTORCI activity in
primary hepatocytes compared to in HeLa cells.

Evaluation of the role of individual BORC subunits in the
control of MTORCI activity further illuminates differences in
their function roles. BORCS4 was specifically knocked out in
HeLa cells to explore whether the disruption of lysosomal
positioning affected MTORCI activity. This BORCS4 study
confirmed the prior observation that the disruption of any of
the BORC subunits retained the perinuclear clustering of
lysosomes [5,43]. In BORCS4 KO cells, the temporal activa-
tion of MTORCI in response to serum reconstitution was
delayed compared to the wildtype controls*. In contrast to
this, the hepatic KO of bloclsl, had previously been shown to
elicit constitutively increased MTORCI activity via the induc-
tion of mitochondrial glutaminolysis [35]. Whether the accu-
mulation of ALs as we found in this study, also contribute to
increased MTORCI activity is possible, although difficult to
distinguish from the BLOC1S1 effects on glutamine produc-
tion. Given that snapin KO neurons phenocopy the AL accu-
mulation we find in LKO hepatocytes, and it would be of
interest to evaluate MTORCI signaling in those cells [27].

The requirement of BLOCI1S1 in the initiation of LT lysoso-
mal tubulation, is further supported where the knockout of
Kif5b, results in foreshortened, rather than absent lysosomal
tubules [44]. This difference in LT phenotype may be due to
the multifaceted role of BLOCI1S1 in recruiting both kinesin and
components of the actin cytoskeleton organization required to
tubular extension. This latter concept parallels, in part, the roles
played by the BLOC-1 subunits, BLOC1S6, BLOC1S5 and



DTNBPI, in endosomal tubulation [34]. Although not fully
characterized these data suggest that the different BORC sub-
units may play distinct and complementary roles in the broader
vacuolar organelle tubulation biology within cells.

In this study we also demonstrate that BLOCIS] interacts
with the actin nucleation promoting factor WHAMM and that
they colocalize with lysosomal tubules. Interestingly the KO of
whamm in rat kidney epithelial cells has significant overlap with
the phenotype of the LKO hepatocytes. The KO of whamm
results in the presence of increased LC3B-II puncta, increased
LAMP1 positive structures, retention of autophagosome
maturation, an accumulation of starvation-induced enlarges
ALs and the disruption of LT formation [30]. Together the
robust phenotypic parallels following the genetic depletion of
BLOC1S1/GCN5L1 and WHAMM suggest that the interaction
between BLOC1S1 and WHAMM may play a pivotal role in LT
initiation. Alternatively, or in parallel, the overlap of phenotypes
between the KO of bloclsl and whamm could suggest that
disruption of the cytoskeletal contribution to LT constipation
of all upstream events, with consequent increase in ALs and
signatures of autophagy etc. An additional role of the interaction
between BLOC1S1 and WHAMM may play a role in the inter-
action of this LT initiating complex with the AL membrane. This
concept is possible given that WHAMM which binds with PI
(4,5)P2 to localize to membranes, preferentially binds to AL
membranes and not to other PI(4,5)P2 enriched membranes
[30]. Hence, the interaction of BLOC1S1 and WHAMM may
direct WHAMM to ALs to facilitate the initiation of ALR.

Interestingly, BLOC-1 brings together the actin and micro-
tubule cytoskeletons to generate recycling endosomes [34].
Based on this a hypothetical model of lysosomal tubulation,
could entail BLOC1S1 with BORC and or BLOC-1 complex
subunits playing a similar role to coalesce the microtubules
(ARL8B-KIF5B-dependent) and actin (WHAMM) cytoskele-
tons, where KIF5B supplies the pulling force for tubular
extension and microtubule functions as the track for the
KIF5B motor protein, with the actin cytoskeleton enabling
stabilization of the structure.

Conclusions

This study has explored the role of BLOC1S1/GCN5L1/BORCS1
in autolysosomal reformation in primary hepatocytes and has
identified that it is a necessary component of the initiation of
lysosomal tubulation. Moreover, BLOC1SI1 has been identified
as a possible link between the kinesin motor proteins and the
actin cytoskeleton in initiating this lysosomal recycling program.
Additional insight gleaned from this study strongly supports that
the structural accumulation of LT initiation factors work in
parallel with MTORCI signaling to inaugurate autolysosomal
reformation. Finally, this study expands our understanding of
the complex interactions of proteins linked to the BLOC-1 and
BORC subunits that play pivotal roles in the overall control of
positioning, formation and recycling of numerous vacuolar
organelles within the cell.

Materials and methods

Animal studies

The NHLBI Animal Care and Use Committee approved all
animal studies used in this protocol. The mice were
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maintained on a 12-h light/dark cycle and housed 3-5 mice
per cage with free access to water and normal chow diet
(LabDiet, 5001). bloclsl liver knockout mice were generated
by crossing bloc1s"*/1°* mice with albumin-cre mice [15)]. All
mice were generated in the C56BL/6b background. For immu-
noblot analysis, mice were anesthetized, then livers were
removed and homogenized in RIPA buffer (Boston
BioProducts, BP-115), 40 pg total protein was used for each
sample [45].

Cell Culture and Transfection

Primary hepatocytes were isolated from normal chow fed
mice at age of 8-12 weeks as previously described [45].
Briefly, each mouse was anesthetized with isoflurane, and
the liver was perfused with Krebs Ringer buffer with glucose
(135 mM NaCl, 5mM KCl, 1 mM MgSO,, 0.4 mM K,HPO,,
20 mM HEPES, 20 mM glucose, pH 7.4) and EGTA (100 mM)
for 3 min, followed by continuous perfusion with the same
buffer containing CaCl, (1.4 mM) and collagenase (7000 IU/
mouse, type I; Worthington, 1LS004196) for 8 min.
Hepatocytes were isolated by disrupting and agitating the
perfused liver in Krebs-ringer buffer and filtering through
a 100 pum cell strainer. This hepatocyte rich fraction was
then purified using a 43.2% Percoll (Sigma, P1644) density
gradient (250 x g for 6 min). Pelleted liver hepatocytes were
collected and plated (5 x 10> cells per well in 6-well plates)
into collagen (Sigma, C3867)-coated plates and cultured in
DMEM medium (Gibco, 11,995-065) containing 10% fetal
bovine serum (FBS; Gibco, 16,000,044) and 1% penicillin-
streptomycin (P/S; Gibco, 15,140,122). HeLa cells (ATCC,
CCL-2), 293A cells (Agilent, 240,085), 293 T cells (ATCC,
CRL-11,268) and COS7 cells (ATCC, CRL-1651) were cul-
tured in DMEM containing 10% FBS, 1% P/S and 2 mM
glutamine (Gibco, 25,030,081) at 37°C and 5% CO,.

For overexpression studies, primary hepatocytes, HeLa
cells and COS7 cells were transfected with Lipofectamine
2000 (Invitrogen, 11,668,019) following the manufacturer’s
instructions. 293A and 293 T cells were transfected with
PolyJet In Vitro DNA Transfection Reagent (SignaGen
Laboratories, SL100688). Cells were analyzed 48 h after trans-
fection. For knockdown experiments, cells were transfected
with indicated 25 nM siRNAs (GE Dharmacon, si-Kif5b:
L-040710-01-0005; si-Ap2al: 1-043307-01-0005; si-Cltc:
L-063954-00-0005) or ON-TARGETplus Non-Targeting
SMARTpool (GE Dharmacon, D-001810-10-50) with
Lipofectamine RNAiIMAX Reagent (Invitrogen, 13,778,150)
and analyzed 48 h later.

Adenovirus Production and Transfection

RFP-LAMP1, GFP-LC3B, BLOCI1S1 overexpression adeno-
viruses were produced using Adeasy Adenoviral System
(Agilent, 240,009) as described [15]. For primary hepatocytes
infection, adenovirus overexpressing either empty vector
(control), BLOC1S1, GFP-LC3B or RFP-LAMP1 were added
to hepatocytes at a dose of 20 plaque-forming units/cell, and
analyzed 48 h later.
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Primary hepatocytes or COS7 cells were plated on 12 mm
diameter, # 1 thickness coverslips coated with rat tail type
I collagen (Neuvitro, GG-12-Collagen) and grown to 80%
confluency before transfection. Twenty-four or 48 h after
transfection, coverslips were washed in PBS (Gibco, 10,010--
023) and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, 157-8) in PBS for 10 min. Coverslips
were washed twice for 5 min in PBS and permeabilized for
15 min in 0.2% Triton X-100 (Sigma, T8787). Cells were
blocked for 60 min in 1% BSA (Sigma, A6003), 10% goat
normal serum (Abcam, ab7481) and 0.3 M glycine in PBS
and stained for 60 min with primary antibodies in 10% goat
normal serum in PBS at room temperature. The secondary
antibody was an Alexa Fluor conjugated antibody (Invirogen,
A32723, A32731, A32754, A32744, A32733 and A32728) used
at a 1:1000 or 1:250 dilution in PBS for 1 h. Coverslips were
incubated with 300 nM DAPI (Cell Signaling Technology,
4083) for 5 min then washed three times with PBS and
mounted on slides using Fluoroshield with 1,4-diazabicyclo
[2.2.2]octane (Sigma, F6182). Images were obtained on an
inverted confocal laser-scanning microscope (LSM 880 or
LSM 880 with Airyscan; CarlZeiss) fitted with a 63x, 1.4
numerical aperture (NA) objective. For colocalization analy-
sis, one cell was selected each time as ROI based on DAPI
staining. Background fluorescence was subtracted in all chan-
nels, and fluorescence intensity thresholds were used to dis-
criminate between signal and noise. For colocalized particle
counting, colocalization plugin was employed using Fiji
Image] (NIH). Pixel intensity was measured by Image]
between images of the same particle structures in two chan-
nels. Correlation coefficients of pixel intensity correlation
analysis were calculated by linear fitting using GraphPad
Prism. The length of lysosomal tubules analyzed by Image].
For analyzing lysosomal size, the LysoTracker Red
(Invitrogen, L7528) stained lysosomes were segmented using
trainable Weka segmentation plugin [46], then lysosomal sizes
were measured by Image]. DNA constructs used in this study
are shown in Table 1 and Antibodies used in this study are
shown in Table 2.

Live Cell Imaging

Primary hepatocytes were seeded on p-Slide 4 well glass
(ibidi, 80,426) bottom coated with rat tail type I collagen
(Sigma, C3867). Twenty-four or 48 h after transfection,
cells were imaged using confocal laser-scanning micro-
scope (LSM 880 or LSM 880 with Airyscan; CarlZeiss)
fitted with a 63x, 1.4 numerical aperture (NA) objective
in an environmental control system at 37°C in 5% CO?
and images were acquired continually. Labeling of lyso-
somes with internalized dextran was performed by loading
the cells with Dextran, Alexa Fluor 647 (Invitrogen,
D22914) or Dextran, Alexa Fluor 488 (Invitrogen,
D22910) for 16 h before imaging. For lysosomal pH,
Cathepsin D assay or Cathepsin L assay, 1 pM
LysoSensor Green (Invitrogen, L7535), 1 uM BODIPY FL-
pepstatin A (Invitrogen, P12271) or 20 pl Magic Red
(ImmunoChemistry Technologies, 941) were incubated
with hepatocytes at 37°C for 30 min. For F-actin staining,

100 nM SiR-Actin (Cytoskeleton Inc, CY-SC001) were
incubated in starvation medium for 6 h. After live ima-
ging, fluorescent intensity of cells and colocalization were
analyzed by Fiji Image] (NIH).

Purification of Lysosomes by LysolP

TMEM192-3xHA were inserted to pShuttle-CMV vector, then
TMEM192-3xHA overexpression adenovirus were produced
using Adeasy Adenoviral System (Agilent, 240,009) as
described.> Primary hepatocytes were infected by these ade-
novirus for 48 h, then lysosomes were isolated using anti-HA
magnetic beads (Thermo Scientific, 88,837) as described [47].

Transmission Electron Microscopy (TEM)

Mice liver tissue was extracted and post fixed for 90 min in
2% glutaraldehyde, 2% formaldehyde (Electron Microscopy
Sciences, 157-8), in 0.1 phosphate buffer (pH 7.2), post-
fixed in aqueous 1% osmium tetroxide, block stained with
1% uranyl acetate, dehydrated in graded ethanol solutions,
and embedded in EMbed-812 (Electron Microscopy
Sciences, 14,120). Thin sections were stained with uranyl
acetate, and lead citrate then examined on a JEM-1200EX
(JEOL, USA) transmission electron microscope (accelerating
voltage 80 keV) equipped with an AMT 6 megapixel digital
camera (Advanced Microscopy Techniques Corp).

Immunoprecipitation

For immunoprecipitation, transfected 293 T cells were treated
with dithio-bis-succinimidyl propionate (2 mM; Thermo
Scientific, 22,585) then lysed in 50 mM Tris, pH74,
137 mM NaCl, 10 mM MgCl,, 10% glycerol, 1%Triton
X-100 containing protease inhibitors (Thermo Scientific,
78,438) and centrifuged at 12,000 x g for 10 min at 4°C.
Supernatants (1-2 mg of total protein in 1 ml) were incubated
with 2 pg normal IgG (EMD-Millipore, 12-371) or 2 pg
primary antibody overnight at 4°C. 20 pl Sera-Mag Protein
A/G particles (GE healthcare life sciences, 17,152,104,010,150)
were added to each sample and incubated at room tempera-
ture for 1 h. For GFP-tagged protein immunoprecipitation,
20 ul GFP-Trap Magnetic Agarose (Chromotek, gtma-20)
were incubated with cell lysates overnight. These beads were
separated using a magnet (GE healthcare life sciences,
28,948,964) and washed four times in TBS with 0.1% Triton
X-100, then the bound proteins were eluted in 1xLDS sample
buffer (Invitrogen, NP0007) and analyzed by SDS-PAGE and
immunoblotting.

In-vitro affinity-isolation Assay

293 T cells were transfected with indicated plasmids for
48 h and then immunoprecipitated with either 2 pg normal
IgG (EMD-Millipore, 12-371) or an indicated tag antibody
conjugated magnetic beads. After washing 3 times, these
beads were incubated with purified His-BLOCIS1 protein
overnight and then washed four times in TBS with 0.1%
Triton X-100, then the bound proteins were eluted in



1xLDS sample buffer and analyzed by SDS-PAGE and
immunoblotting.

Statistical Analysis

Results are displayed as the mean * standard error of the
mean. A comparison of groups was performed using two-
tailed unpaired Students t-test. A value of P < 0.05 was
considered to indicate statistical significance.
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