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Abstract

Autophagy depends on the repopulation of lysosomes to degrade
intracellular components and recycle nutrients. How cells co-
ordinate lysosome repopulation during basal autophagy, which
occurs constitutively under nutrient-rich conditions, is unknown.
Here, we identify an endosome-dependent phosphoinositide path-
way that links PI3Ka signaling to lysosome repopulation during basal
autophagy. We show that PI3Ka-derived PI(3)P generated by INPP4B
on late endosomes was required for basal but not starvation-
induced autophagic degradation. PI(3)P signals were maintained as
late endosomes matured into endolysosomes, and served as the sub-
strate for the 5-kinase, PIKfyve, to generate PI(3,5)P,. The SNX-BAR
protein, SNX2, was recruited to endolysosomes by PI(3,5)P, and
promoted lysosome reformation. Inhibition of INPP4B/PIKfyve-
dependent lysosome reformation reduced autophagic clearance of
protein aggregates during proteotoxic stress leading to increased
cytotoxicity. Therefore under nutrient-rich conditions, PI3Ka, INPP4B,
and PIKfyve sequentially contribute to basal autophagic degradation
and protection from proteotoxic stress via PI(3,5)P,-dependent lyso-
some reformation from endolysosomes. These findings reveal that
endosome maturation couples PI3Ka signaling to lysosome reforma-
tion during basal autophagy.
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Introduction

Autophagy is a highly conserved pathway that degrades intracellular
components and recycles nutrients. Autophagy occurs constitutively
in almost all eukaryotic cells to ensure organelle quality control, and

is upregulated in response to nutrient deficiency or stress to mobilize
amino acids and promote cytoprotection (Klionsky et al, 2021).
Autophagic cargo is encapsulated and sequestered within autophago-
somes that subsequently fuse with lysosomes to form autolysosomes,
in which cargo is broken down into macromolecules that are reuti-
lized by the cell (Dikic & Elazar, 2018). A dynamic equilibrium of
autophagosomes and lysosomes must be maintained for sustained
autophagy and to allow adaptive autophagy responses. If lysosomes
are not sufficiently repopulated during autophagy, autophagosomes
accumulate and autophagic function is reduced (McGrath
et al, 2021). There has been significant progress in understanding
how lysosomes are repopulated during starvation-induced autophagy
via transcription factor EB (TFEB)/transcription factor E3 (TFE3)-
dependent lysosome biogenesis (Settembre et al, 2011, 2012) and
autophagic lysosome reformation (ALR) pathways (Yu et al, 2010).
However, these pathways do not operate during basal autophagy,
which occurs under nutrient-rich conditions to maintain cellular
homeostasis and is associated with longevity and protection against
neurodegeneration (Hara et al, 2006; Komatsu et al, 2006; Nakamura
& Yoshimori, 2018). Therefore, it remains unclear how cells co-
ordinate lysosome repopulation during basal autophagy.
Phosphoinositide 3-kinases (PI3Ks) generate phosphoinositides on
intracellular membranes that regulate many aspects of autophagy. In
the canonical pathway that operates during starvation, Unc-51 like
autophagy activating kinase (ULK1) activates the class III PI3K com-
plex I (Vps34, p150, Beclin-1, and ATG14) generating phosphatidyli-
nositol 3-phosphate (PI(3)P) on omegasomes, autophagosome
precursors derived from endoplasmic reticulum membranes (Axe
et al, 2008; Russell et al, 2013). PI(3)P recruits effector proteins that
drive elongation and closure of emerging autophagosome mem-
branes, leading to the sequestration of autophagic cargo within
autophagosomes (Axe et al, 2008; Dooley et al, 2014). PI(3)P also
interacts with tectonin beta-propeller repeat containing protein 1
(TECPR1) to facilitate autophagosome-lysosome fusion (Chen
et al, 2012), and contributes to ALR to facilitate lysosome repopula-
tion during starvation-induced autophagy (Munson et al, 2015). The
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class II PI3K, PI3KC2a, is also required for shear stress-induced
autophagy via PI(3)P generation at primary cilia (Boukhalfa
et al, 2020), whereas PI3KC2f contributes to autophagic degradation
during starvation via phosphatidyinositol 3,4-bisphosphate (PI(3,4)
P,) generation on lysosomes (Marat et al, 2017).

Alternatively, inactivation of class I PI3K signaling during starva-
tion contributes to mTOR-dependent autophagy activation (Manning
& Toker, 2017). In response to growth factor stimulation, class I
PI3K generates phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)
P3) on the inner leaflet of the plasma membrane, which is hydro-
lyzed by inositol polyphosphate 5-phosphatases to PI(3,4)P,
(Rodgers et al, 2017). PI(3,4,5)P; and PI(3,4)P, together recruit
AKT (James et al, 1996; Ma et al, 2008) to the inner wall of the
plasma membrane, where it is activated by phosphorylation and
subsequently activates the autophagy repressor mTOR (Inoki
et al, 2002). Paradoxically, the class I PI3K p110p catalytic subunit
promotes autophagosome formation by stimulating class III PI3K
complex activity via Rab5 binding (Dou et al, 2010, 2013), suggest-
ing that the contribution of class I PI3K signaling to autophagy regu-
lation is complex.

Interestingly up to 30% of cellular PI(3)P is generated down-
stream of growth factor-stimulated class I PI3K signaling via hydrol-
ysis of PI(3,4)P, by inositol polyphosphate 4-phosphatase type I
(INPP4A) and type II (INPP4B) (Shin et al, 2005; Ikonomov
et al, 2015). It is not known whether class I PI3K-derived PI(3)P
generation has a functional role in autophagy. INPP4A and INPP4B
convert PI(3,4)P, to PI(3)P on distinct endosomal compartments
promoting endocytosis and late endosome trafficking, respectively
(Ivetac et al, 2005; Shin et al, 2005; Li Chew et al, 2015; Daste
et al, 2017; Liu et al, 2018, 2020; Rodgers et al, 2021). INPP4B is
recruited to late endosomes via Rab7 binding, where it generates PI
(3)P downstream of PI3Ka to enhance Hrs-dependent late endosome

formation (Rodgers et al, 2021). Thereby INPP4B promotes
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lysosomal degradation of endocytic cargoes including EGFR and
GSK3p leading to AKT/MEK signaling suppression or Wnt/-catenin
signaling activation, respectively (Liu et al, 2020; Rodgers
et al, 2021).

Here, we investigated the role class I PI3K-dependent PI(3)P gen-
eration plays in autophagy. We demonstrate that PI3Ka-derived PI
(3)P synthesis by INPP4B on endosomes is required for lysosome
reformation from endolysosomes, basal autophagic degradation,
and protection from proteotoxic stress, which is functionally distinct
from the canonical Vps34-generated pool of PI(3)P. Mechanistically,
INPP4B-generated PI(3)P signals are retained as endosomes mature
into endolysosomes, and act as a substrate for PI(3,5)P, synthesis
by PIKfyve. PI(3,5)P, recruits the SNX-BAR protein, SNX2, to pro-
mote endolysosome membrane tubulation, and thereby lysosome
reformation. Therefore, our investigation reveals an endosome-
dependent phosphoinositide conversion pathway that couples PI3Ka
signaling to lysosome repopulation during basal autophagy.

Results

INPP4B promotes PI3Ka-dependent basal autophagic degradation
independent of Vps34

The majority of cellular PI(3)P is generated via phosphorylation of
phosphatidylinositol (PI) by Vps34, which promotes autophago-
some formation and the recruitment of autophagic cargo in response
to nutrient deprivation (Dooley et al, 2014). However, PI(3)P is also
generated downstream of PI3Ka via hydrolysis of PI(3,4)P, by the 4-
phosphatase INPP4B under nutrient-rich conditions (Shin
et al, 2005; Gewinner et al, 2009; Ikonomov et al, 2015; Rodgers
et al, 2021; Fig 1A). It is unknown whether this alternate PI(3)P
pool also contributes to autophagy regulation. To decipher the role

Figure 1. INPP4B promotes PI3Ka-dependent basal autophagic degradation independent of Vps34.

A PI(3)P is synthesized directly by the class Il PI3K Vps34, or via the sequential actions of PI3Ka, inositol polyphosphate 5-phosphatses, and INPP4B in response to

growth factor stimulation.

B, C MCF-7 cells expressing GFP-INPP4B or GFP-vector were cultured in growth media or EBSS for the indicated times, then lysed and immunoblotted with LC3B anti-
bodies and GAPDH antibodies as a loading control (B). Data represent the relative LC3B-II levels normalized to GAPDH, and expressed relative to growth media-
treated GFP-vector cells which were assigned an arbitrary value of 1 (n = 3 experiments) (C).

D, E  MCF-7 cells expressing nontargeted (NT), INPP4B #1, or INPP4B #2 shRNA were cultured in growth media or EBSS for the indicated times, then lysed and
immunoblotted with LC3B antibodies and GAPDH antibodies as a loading control (D). Data represent the relative LC3B-II levels normalized to GAPDH, and
expressed relative to growth media-treated NT shRNA cells which were assigned an arbitrary value of 1 (n = 3 experiments) (E).

F,G MCF-7 cells expressing GFP-INPP4B or GFP-vector were cultured in growth media or EBSS for 4 h, then fixed and immunostained with p62 antibodies, and co-
stained with DAPI and phalloidin (F). Data represent the number of p62" puncta relative to cell area (um?) (n = 3 experiments, > 50 cells/experiment) (G).

H, 1 MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 200 nM bafilomycin A1 or DMSO as a vehicle control for 4 h, then lysed and immunoblotted
with LC3B antibodies and GAPDH antibodies as a loading control (H). Data represent the relative LC3B-II levels normalized to GAPDH, and expressed relative to
DMSO-treated GFP-vector cells which were assigned an arbitrary value of 1 (I) (n = 3 experiments).

J, K MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 100 nM of bafilomycin A1 or DMSO as a vehicle control for 4 h, then fixed and immunos-
tained with p62 antibodies, and co-stained with DAPI and phalloidin (J). Data represent the number of p62" puncta relative to cell area (um? (n = 3 experiments,

> 50 cells/experiment) (K).

L, M MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 2 pM BYL719 (PI3Ka inhibitor) or DMSO as a vehicle control for the indicated times. Cells were
lysed and immunoblotted with LC3B, pAKT**”3, AKT(pan), pS6K"™%°, or S6K antibodies and GAPDH antibodies as a loading control (L). Data represent the relative
LC3B-II levels normalized to GAPDH, and expressed relative to DMSO-treated GFP-vector cells which were assigned an arbitrary value of 1 (n = 3 experiments) (M).

N, O MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 1 or 10 uM of SAR405 (Vps34 inhibitor) or DMSO as a vehicle control for 4 h. Cells were lysed
and immunoblotted with LC3B antibodies and CAPDH antibodies as a loading control (N). Data represent the relative LC3B-II levels normalized to GAPDH, and
expressed relative to DMSO-treated GFP-vector cells which were assigned an arbitrary value of 1 (n = 3 experiments) (O).

Data information: Data are presented as mean =+ SD. The insets at the lower right of each image are higher power regions of the boxed areas. Scale bar is 10 um in
(F, J). P values determined by one-way ANOVA with Tukey post hoc test in (C, G, I, K, M, O), or by one-way ANOVA in (E).

Source data are available online for this figure.
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INPP4B-generated PI(3)P plays, we undertook a systematic evalua-
tion of the autophagy pathway in MCF-7 cells, which express
endogenous INPP4B but not INPP4A (Fedele et al, 2010) and harbor
a hyperactivating PIK3CA™**® mutation. Lipidated LC3B-II, which
associates with the autophagosome membrane and corresponds to
the relative number of autophagosomes (Mizushima & Yoshi-
mori, 2007), was assessed under growth media conditions (basal
autophagy) or following nutrient-free EBSS treatment which acti-
vates starvation-induced autophagy. Interestingly, ectopic GFP-
INPP4B expression (Appendix Fig S1A) decreased LC3B-II protein
levels under growth conditions, however, there was no sustained
difference in LC3B-II between GFP-INPP4B and GFP-vector cells dur-
ing prolonged starvation-induced autophagy (Fig 1B and C). In con-
trast, INPP4B shRNA depletion (Appendix Fig S1B and C) increased
LC3B-II under growth conditions, but not following prolonged
starvation-induced autophagy (Fig 1D and E). INPP4B siRNA deple-
tion also increased LC3B-II levels under growth conditions in HeLa
and HEK293T cells (Appendix Fig S1D-F), indicating that INPP4B
regulation of basal autophagy is conserved across multiple indepen-
dent cell lines. GFP-INPP4B also significantly decreased the number
of Sequesterome 1 (SQSTMI1, better known as p62)-positive
autophagosomes under growth conditions, but had little effect on
autophagosome numbers following EBSS treatment (Fig 1F and G).
Collectively, this data suggests that INPP4B selectively reduces the
number of autophagosomes during basal autophagy but not follow-
ing activation of starvation-enhanced autophagy. Furthermore, the
number of p62-positive autophagosomes was also reduced following
HA-INPP4B™T but not PI(3,4)P, phosphatase-dead HA-INPP4BC8424
expression (Rijal et al, 2015; Appendix Fig S1G and H), indicating
that INPP4B decreases autophagosome numbers via its conversion
of PI(3,4)P, to PI(3)P.

The INPP4B-mediated decrease in autophagosomes observed
during basal autophagy may be a consequence of either reduced
autophagosome biogenesis, or enhanced autophagosome turnover
via their fusion with lysosomes to form autolysosomes (Mizushima
& Yoshimori, 2007). To distinguish between these two possibilities,
cells were treated with the V-ATPase inhibitor bafilomycin Al,
which prevents autophagosome-lysosome fusion (Mauvezin
et al, 2015). Bafilomycin Al treatment restored both the decreased
LC3B-II levels and p62-positive autophagosomes in GFP-INPP4B
expressing cells to a level similar to GFP-vector controls (Fig 1H-K).
This data suggests that INPP4B enhances autophagosome turnover
and hence autophagic degradation but does not affect autophago-
some formation. To evaluate autophagosome fusion with lyso-
somes, we utilized the pH-sensitive GFP-mCherry-LC3 biosensor,
which is detected as GFP-positive/mCherry-positive when at
autophagosomes and GFP-negative/mCherry-positive at autolyso-
somes. This analysis revealed that INPP4B shRNA depletion
increased LC3 biosensor association at autophagosomes, coupled
with a decrease at autolysosomes, in growth media but not EBSS-
treated cells (Appendix Fig S1I-K). Taken together this data are
consistent with an interpretation that INPP4B is required for basal
autophagic degradation.

Growth factor stimulation activates PI3Ka signaling, which gen-
erates PI(3,4,5)P; and subsequently PI(3,4)P, that is hydrolyzed by
INPP4B to PI(3)P (Rodgers et al, 2021). As INPP4B promotes
autophagosome turnover during nutrient-rich but not starvation
conditions, we predicted that INPP4B regulation of basal autophagy
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requires PI3Ko signaling. Treatment with the PI3Ka inhibitor
BYL719, which suppressed AKT/mTOR signaling, had little effect on
LC3B levels in GFP-vector cells but significantly increased the
reduced LC3B-II in GFP-INPP4B cells (Fig 1L and M), suggesting
that INPP4B-generated PI(3)P promotes autophagosome turnover
downstream of PI3Ka. PI(3)P is also generated on omegasomes by
Vps34, stimulating autophagosome formation during starvation-
induced autophagy by recruiting the PI(3)P effector WIPI2 (Axe
et al, 2008; Polson et al, 2010; Russell et al, 2013; Dooley
et al, 2014). However, our data indicates INPP4B-generated PI(3)P
did not affect autophagosome formation, and had no effect on the
number of WIPI2-positive omegasomes under growth or starvation
conditions (Appendix Fig S1L and M). Additionally, treatment with
the Vps34 inhibitor SAR405, which suppresses autophagosome for-
mation during starvation-induced autophagy (Ronan et al, 2014),
had no further effect on the reduced LC3B-II levels in GFP-INPP4B
cells under basal autophagy conditions (Fig 1N and O). Altogether,
our findings are consistent with a model whereby INPP4B-generated
PI(3)P promotes PI3Ko-dependent basal autophagic degradation
independent of Vps34-generated PI(3)P.

INPP4B-generated PI(3)P on late endosomes is retained on
endolysosomes

To determine how INPP4B promotes basal autophagy, the intracel-
lular site of INPP4B-mediated PI(3)P generation was analyzed.
INPP4B exhibits a diffusely cytosolic distribution, but has also been
identified on early and late endosomes where it converts PI(3,4)P,
to PI(3)P downstream of class I PI3K signaling (Li Chew et al, 2015;
Liu et al, 2018; Rodgers et al, 2021). Interestingly, both PI(3,4)P,
and PI(3)P have been identified on lysosomes (Munson et al, 2015;
Marat et al, 2017). Autophagosomes accumulate if lysosome func-
tion is impaired (McGrath et al, 2021). Therefore, we predicted that
the deficit observed in autophagosome turnover with INPP4B deple-
tion may be a consequence of an inability to regulate PI(3,4)P, to PI
(3)P conversion on lysosomes and thereby sustain lysosome home-
ostasis. To examine this possibility, PI(3)P was assessed under
growth conditions using the 2xFYVE recombinant PI(3)P biosensor
(Gillooly et al, 2000). INPP4B shRNA depletion significantly reduced
the proportion of PI(3)P-positive lysosomes (Fig 2A and B), suggest-
ing that INPP4B contributes to PI(3)P generation on this compart-
ment. To assess whether INPP4B itself localizes to lysosomes, cells
were pretreated with saponin in order to remove cytoplasmic and
retain intracellular membrane-associated proteins (Figs 2C and
EV1A). Extensive INPP4B co-localization with CDG63-positive late
endosomes was observed under these conditions, as previously
reported (Rodgers et al, 2021), but surprisingly no co-localization
between INPP4B and LAMPI1-positive lysosomes was apparent.
These findings indicate INPP4B contributes to PI(3)P generation on
lysosomes, but does not itself localize to this compartment.

We recently reported that INPP4B promotes late endosome/lyso-
some formation via the PI(3)P-binding endosomal sorting complex
required for transport (ESCRT) protein, Hrs (Rodgers et al, 2021).
ESCRT regulates the formation of intraluminal vesicles (ILVs) to
promote maturation of late endosomes, which is in turn required for
the subsequent fusion of late endosomes with lysosomes to form
endolysosomes that degrade endocytic cargo (Bache et al, 2006;
Malergd et al, 2007; Urwin et al, 2010). Interestingly, ESCRT

© 2022 The Authors
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INPP4B-generated PI(3)P on late endosomes is retained on endolysosomes.

MCF-7 cells expressing nontargeted (NT), INPP4B #1, or INPP4B #2 shRNA were fixed and immunostained with recombinant GST-2xFYVE™™ (2xFYVE) (PI(3)P probe)
and LAMP2 antibodies, and co-stained with DAPI (A). Data represent the proportion of PI(3)P" lysosomes (n = 3 experiments, > 40 cells/experiment) (B). Arrows indi-
cate co-localization between 2xFYVE and LAMP2.

MCF-7 cells were treated with 0.02% (w/v) saponin for 30 s, then fixed and immunostained with INPP4B and either LAMP1 or CD63 antibodies, and co-stained with
DAPI. Arrows indicate co-localization between INPP4B and CD63.

MCF-7 cells co-expressing GFP-INPP4B or GFP-vector, and Hrs or NT shRNA, were fixed and immunostained with recombinant 2xFYVE (PI(3)P probe) and LAMP2
antibodies, and co-stained with DAPI (D). Data represent the proportion of PI(3)P* lysosomes (n = 3 experiments, > 30 cells/experiment) (E). Arrows indicate co-
localization between 2xFYVE and LAMP2.

MCF-7 cells co-expressing GFP-INPP4B or GFP-vector, and Hrs or NT shRNA, were fixed and immunostained with recombinant 2xFYVE (PI(3)P probe) and CD63 anti-
bodies, and co-stained with DAPI (F). Data represent the proportion of PI(3)P" late endosomes (n = 3 experiments, > 30 cells/experiment) (G). Arrows indicate co-
localization between 2xFYVE and LAMP2.

MCF-7 cells co-expressing GFP-INPP4B or GFP-vector, and Hrs or NT shRNA, were lysed and immunoblotted with LC3B antibodies, and GAPDH antibodies as a load-
ing control (H). Data represent the relative LC3B-II levels normalized to GAPDH, and expressed relative to GFP-vector; NT shRNA cells which were assigned an arbi-

trary value of 1 (n = 3 experiments) (l).

J INPP4B generates PI(3)P on late endosomes, which is retained on endolysosomes following late endosome maturation.

Data information: Data are presented as mean =+ SD. The insets at the lower right or bottom of each image are higher power regions of the boxed areas. Scale bar is
10 um in (A, C, D, F). P values determined by one-way ANOVA with Tukey post hoc test in (B, E, G), or by one-way ANOVA in (I).

Source data are available online for this figure.

inactivation also leads to autophagosome accumulation by
unknown  mechanisms (Filimonenko et al, 2007; Rusten
et al, 2007), reminiscent of the effects we observed with INPP4B
depletion. We hypothesized that PI(3)P generated by INPP4B on late
endosomes may be retained upon endosome maturation to
endolysosomes contributing to autophagic degradation. Suppression
of late endosome maturation via Hrs shRNA depletion (Fig EV1B
and C) significantly reduced PI(3)P-positive lysosomes, and
increased PI(3)P-positive late endosomes, in both GFP-INPP4B and
vector control cells (Fig 2D-G). This data suggests that PI(3)P gener-
ated by INPP4B on late endosomes persists on endolysosomes fol-
lowing late endosome maturation. Furthermore, Hrs shRNA
depletion modestly increased LC3B-II in GFP-vector cells, and
restored the reduced LC3B-II observed in GFP-INPP4B expressing
cells under growth conditions (Fig 2H and I). Therefore, we propose
that INPP4B-derived PI(3)P on lysosomes is required for autophagic
degradation, events blocked by preventing endosome maturation to
endolysosomes (Fig 2J). Late endosomes can also fuse with
autophagosomes in some cells to form amphisomes, a hybrid com-
partment that facilitates degradation of endocytic and autophagic
cargo (Zhao et al, 2021). However, we observed very few CDG63-
positive/p62-positive amphisomes in control or GFP-INPP4B
expressing cells (Fig EVID and E), suggesting no influence on
autophagic flux via amphisome formation.

Figure 3. INPP4B promotes PI3Kx-dependent lysosome formation.

INPP4B promotes PI3Ka-dependent lysosome formation

As autophagosomes accumulate with INPP4B depletion, together
with a reduction of autophagosome-lysosome fusion, we questioned
whether PI(3)P generated by INPP4B under basal autophagy condi-
tions is required for lysosome homeostasis. Strikingly, GFP-INPP4B
significantly increased, whereas INPP4B shRNA or siRNA depleted,
the number of LAMP1 and LAMP2-positive lysosomes in MCF-7 and
HeLa cells (Figs 3A and B, and EV2A-D), suggesting that INPP4B
regulates lysosome numbers in multiple cell types. Expression of
HA-INPP4B™T,  but not PI(3,4)P, phosphatase-dead HA-
INPP4B424 also increased the number of LAMP2-positive lyso-
somes in MCF-7 cells (Fig EV2E and F), consistent with a require-
ment for INPP4B-mediated PI(3,4)P, to PI(3)P conversion.
Critically, inhibition of late endosome maturation via Hrs shRNA
depletion decreased INPP4B-mediated enhanced lysosome numbers
(Fig EV2G and H). INPP4B also enhanced lysosomal activity as
assessed by Magic Red™ cathepsin B staining (Fig 3C and D). How-
ever, we did not observe any overt changes to lysosome size or posi-
tioning in cells with INPP4B overexpression or shRNA depletion,
which we confirmed by super resolution microscopy imaging and
analysis (Fig EV2I-M). Collectively, our results reveal that INPP4B-
generated PI(3)P enhances lysosome formation, a function reliant
on the maturation of endosomes to endolysosomes.

A B

MCF-7 cells expressing GFP-INPP4B or GFP-vector were fixed and immunostained with LAMP1 or LAMP2 antibodies, and co-stained with DAPI and phalloidin (A).
Data represent the number of LAMP1" or LAMP2" puncta relative to cell area (um?) (n = 3 experiments, > 50 cells/experiment) (B).

C,D Snapshots of Magic Red™ (MR) cathepsin B substrate and Hoechst 33342 captured in live MCF-7 cells expressing GFP-INPP4B or GFP-vector (C). Data represent the
number of MR cathepsin B* puncta per cell (n = 3 experiments, > 50 cells/experiment) (D).

E,F MCF-7 cells expressing nontargeted (NT) or INPP4B #1 shRNA were cultured in growth media or EBSS for the indicated times, then fixed and immunostained with
LAMP1 antibodies and co-stained with DAPI and phalloidin (E). Data represent the number of LAMP1" puncta relative to cell area (um?) (n = 3 experiments, > 30
cells per experiment) (F).

G, H MCF-7 cells expressing GFP-INPP4B or GFP-vector were transfected with NT, PIK3CA #1, or PIK3CA #2 siRNA. After 24 h, cells were fixed and immunostained with

LAMP1 antibodies, and co-stained with DAPI and phalloidin (G). Data represent the number of LAMP1" puncta relative to cell area (um?) (n = 3 experiments, > 40
cells per experiment) (H).

Data information: Data are presented as mean =+ SD. Scale bar is 10 um in (A, C, E, G). P values determined by two-tailed unpaired t test in (B, D), by one-way ANOVA
with Tukey post hoc test in (F), or by one-way ANOVA in (H).
Source data are available online for this figure.
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Figure 3.

As INPP4B enhanced autophagic degradation under growth con- restricted to growth conditions. Interestingly, although INPP4B
ditions but not following nutrient deprivation, we examined shRNA depletion reduced lysosome numbers under growth condi-
whether INPP4B regulation of lysosome formation was also tions, this had little effect on lysosome numbers following
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prolonged nutrient deprivation (Fig 3E and F), revealing INPP4B
regulation of lysosome formation and autophagic flux requires high
nutrient availability. PI3Ka is a heterodimer consisting of a catalytic
pl10a subunit and a p85S regulatory subunit that is activated by
growth factor stimulation. To investigate dependence on PI3Ka, we
performed siRNA depletion of PIK3CA, which encodes the p110a
catalytic subunit of PI3Ka, or treated cells with the PI3Ka inhibitor
BYL719 (Fig EV2N). PIK3CA depletion or BYL719 treatment signifi-
cantly reduced the increased number of lysosomes in GFP-INPP4B
cells under nutrient-rich conditions (Figs 3G and H, and EV20 and
P). Therefore, we propose that INPP4B-generated PI(3)P promotes
lysosome formation downstream of PI3Ka signaling under nutrient-
rich conditions, leading to enhanced basal autophagic flux.

INPP4B enhances lysosome reformation from endolysosomes

To determine how INPP4B-generated PI(3)P promotes lysosome for-
mation, we investigated whether INPP4B regulates known lysosome
biogenesis pathways. Inactivation of lysosome-associated mTOR by
nutrient depletion promotes TFEB/TFE3 nuclear translocation and
lysosomal gene transcription, leading to de novo lysosome biogene-
sis (Settembre et al, 2011, 2012). PI(3,4)P, is required for activation
of AKT/mTOR signaling (Gewinner et al, 2009; Fedele et al, 2010),
whereas PI(3)P is required for localized mTOR activation on lyso-
somes (Nobukuni et al, 2005; Hong et al, 2017). We therefore
examined whether INPP4B regulates lysosome biogenesis via mTOR
regulation, which was assessed basally under growth media condi-
tions or with EBSS + serum stimulation to suppress and reactivate
mTOR, respectively. INPP4B modestly suppressed phosphorylation-
dependent activation of AKT®*”® and the mTOR substrate S6K™>%°
under growth conditions (Fig EV3A-C) as previously reported
(Gewinner et al, 2009; Fedele et al, 2010), but had no effect on
localized mTORS2**® phosphorylation on lysosomes (Fig EV3D and
E). Furthermore, INPP4B did not alter the expression of TFEB/TFE3
target genes, including LAMPI, ATP6VICI, ATP6VODI, CTNS,
TPP1, or M6PR, under growth or starvation conditions (Fig EV3F).
Taken together, these findings indicate that although INPP4B mod-
estly suppresses AKT and mTOR activation, this is insufficient to
stimulate de novo lysosome biogenesis.

An alternate mechanism for lysosome generation is via lysosome
reformation pathways that regenerate new lysosomes from existing
autolysosomal or endolysosomal membranes under specific cellular
conditions. ALR mediates lysosome repopulation during prolonged
starvation-induced autophagy but this process is inactive under
growth conditions (Yu et al, 2010). Instead, lysosomes are gener-
ated by tubulation and scission of endolysosome membranes via a
process known as lysosome reformation from endolysosomes (Pryor
et al, 2000; Bright et al, 2005). However, it has not been reported
whether lysosome reformation from endolysosomes affects autop-
hagy. Lysosomes that are newly formed via reformation from
endolysosomes are called terminal storage lysosomes, which do not
contain active hydrolases and can be distinguished from endolyso-
somes, which contain active hydrolases (Bright et al, 2016). Inter-
estingly, INPP4B siRNA depletion significantly reduced the number
of terminal storage lysosomes (LAMP1-positive, Magic Red™
cathepsin B-negative; Fig 4A and B). We therefore questioned
whether INPP4B-mediated PI(3,4)P, to PI(3)P conversion con-
tributes to lysosome reformation from endolysosomes. Quantitative
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analysis of lysosome reformation events has been a significant chal-
lenge as the timing of endolysosome tubule budding and separation
occurs within several seconds (Bissig et al, 2017). To address this,
we developed a rapid imaging and analysis workflow to identify and
quantify lysosome reformation events in live cells. This analysis
used spinning disk microscopy of live MCF-7 cells expressing GFP-
INPP4B or GFP-vector to capture reformation of LAMP1-mCherry-
positive lysosomes under growth conditions (Fig 4C, Movies EV1
and EV2). Two distinct lysosome populations were observed; larger,
slower moving lysosomes that underwent reformation, and smaller,
faster moving lysosomes that did not appear to undergo reforma-
tion, although these lysosomes were difficult to individually track
across the entire time-lapse as they frequently moved outside the
focal plane. To quantify the relative rate of lysosome reformation,
kymographs of the larger, slow-moving lysosomes were constructed
and converted to “skeletons” to identify branch points correspond-
ing to lysosomal tubulation and fission events (Fig 4D and
Appendix Fig S2A-E). Strikingly, this analysis revealed an increased
number of lysosome reformation events per minute in GFP-INPP4B
compared to vector control cells (Fig 4E), suggesting that INPP4B
enhances lysosome numbers by increasing the rate of lysosome
reformation.

INPP4B-generated PI(3)P is phosphorylated to PI(3,5)P, by PiKfyve
to promote lysosome reformation

The molecular pathway that directs lysosome reformation from
endolysosomes is not well understood, however, several reports
show a requirement for localized PI(3,5)P, generation on endolyso-
somes (Bissig et al, 2017; Choy et al, 2018). All cellular PI(3,5)P, is
synthesized from PI(3)P by the PI(3)P 5-kinase PIKfyve, in complex
with the scaffold protein Vacl4 and the lipid/protein phosphatase
Figd (Zolov et al, 2012; Lees et al, 2020). PI(3,5)P, depletion via
PIKfyve inactivation suppresses lysosome reformation from
endolysosomes leading to fewer and swollen lysosomes (Bissig
et al, 2017; Choy et al, 2018). We hypothesized that INPP4B con-
version of PI(3,4)P, to PI(3)P, the latter being retained on endolyso-
somes, may provide a substrate for PIKfyve to generate PI(3,5)P,
that drives lysosome reformation. Currently available PI(3,5)P,
probes display poor selectivity (Hammond et al, 2015). Therefore,
we imaged PI(3)P in the presence of the PIKfyve inhibitor,
YM201636, as an indirect measure of PI(3)P conversion to PI(3,5)
P,. YM201636 treatment increased the proportion of lysosomes with
PI(3)P-positive staining, revealing its conversion to PI(3,5)P, was
blocked. PI(3)P was further increased by concurrent GFP-INPP4B
expression (Fig 5A and B), indicating that INPP4B-generated PI(3)P
acts as a substrate for PIKfyve to form PI(3,5)P, (Fig 5C).

To determine whether INPP4B-mediated lysosome reformation is
dependent on PIKfyve conversion of PI(3)P to PI(3,5)P,, lysosome
numbers were examined under conditions of PIKfyve inactivation.
PIKFYVE siRNA depletion significantly reduced lysosome numbers
in GFP-INPP4B expressing cells, but had minimal effect on GFP-
vector controls, possibly as only a partial reduction in PIKFYVE
mRNA expression was achieved (Fig EV4A-C). However, more
robust effects were observed with YM201636 treatment, which
resulted in significantly fewer and swollen lysosomes in both GFP-
INPP4B and GFP-vector cells consistent with inhibition of lysosome
reformation (Fig EV4D and E). As YM201636 inhibitor effects are

© 2022 The Authors
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Figure 4. INPP4B promotes lysosome reformation.

A, B Snapshots of LAMP1-GFP, Magic Red™ (MR) cathepsin B substrate, and Hoechst 33342 captured in live Hela cells transfected with INPP4B or nontargeted siRNA (A).
Data represent the number of LAMP1"/MR cathepsin B* and LAMP1*/MR cathepsin B~ lysosomes (terminal storage lysosomes) per cell (n = 3 experiments, > 50
cells/experiment) (B). Yellow arrows indicate LAMP1 /MR cathepsin B" lysosomes, and white arrows indicate terminal storage lysosomes.

C  Timelapse snapshots of LAMP1-mCherry signals from MCF-7 cells expressing GFP-INPP4B or GFP-vector captured by spinning disk microscopy. Maximum intensity
projections of three z-planes taken 0.27 pm apart are shown. Arrows indicate lysosome reformation.

D  Overview of analysis workflow used to quantify lysosome reformation from spinning disk microscopy. Maximum intensity projections of lysosomes were converted
to three-dimensional kymographs using x, y, and time dimensions, then segmented and skeletonized to track tubulation and fission events (depicted in red) that

branch off the parent lysosome (depicted in black).

E Data represent the number of LAMP1" reformation events per cell per minute (n = 12 GFP-vector cells, n = 15 GFP-INPP4B cells).

Data information: Data are presented as mean =+ SD. The insets at the lower right of each image are higher power regions of the boxed areas. Scale bar is 10 um in (A,
C). P values determined by two-way ANOVA with Holm-Sidak post-hoc test in (B), or by two-tailed unpaired t test in (E).

Source data are available online for this figure.

reversible (Jefferies et al, 2008; Bissig et al, 2017), we also per-
formed YM201636 washout experiments to assess if INPP4B
enhances the rate of lysosome reformation under conditions of
PIKfyve reactivation. Lysosome numbers were reduced in both GFP-

© 2022 The Authors

INPP4B and GFP-vector cells with YM201636 treatment, and recov-
ered after 4 h of YM201636 washout (Fig 5D and E). Notably, lyso-
some regeneration following PIKfyve reactivation occurred at a
significantly faster rate in GFP-INPP4B cells compared to vector
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Figure 5. INPP4B promotes PIKfyve-dependent lysosome reformation and autophagic flux.

A, B MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 5 pM YM201636 (PIKfyve inhibitor) or DMSO as a vehicle control for 2 h. Cells were fixed and
immunostained with recombinant GST-2xFYVE™™ (2xFYVE) (PI(3)P probe) and LAMP2 antibodies, and co-stained with DAPI (A). Data represent the proportion of
PI(3)P* lysosomes (n = 3 experiments, > 30 cells/experiment) (B). Arrows show co-localization between 2xFYVE and LAMP2.

C INPP4B generates PI(3)P downstream of PI3Ka signaling, which is predicted to act as a substrate for phosphorylation to PI(3,5)P, by PIKfyve.

D-F MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 5 uM YM201636 (PIKfyve inhibitor) or DMSO as a vehicle control for 2 h, then YM201636 was
washed out for 1, 2, or 4 h. Cells were fixed and immunostained with LAMP1 antibodies, and co-stained with DAPI and phalloidin (D). Data represent the number
of LAMP1" puncta relative to cell area (um?) (E), and the lysosome fold change relative to the YM201636-treated condition for each cell line (F) (n = 3 experiments,

> 30 cells per experiment).

G,H MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 1, 2, or 5 uM YM201636 (PIKfyve inhibitor) or DMSO as a vehicle control for 4 h. Cells were
lysed and immunoblotted with LC3B antibodies, and GAPDH antibodies as a loading control (G). Data represent the relative LC3B-II levels normalized to GAPDH,
and expressed relative to DMSO-treated GFP-vector cells which were assigned an arbitrary value of 1 (n = 3 experiments) (H).

Data information: Data are presented as mean =+ SD. The insets at the lower right or bottom of each image are higher power regions of the boxed areas. Scale bar is
10 pum in (A, D). P values determined by one-way ANOVA in (B, E, H), or by two-tailed unpaired t test of the area under the curve in (F).

Source data are available online for this figure.

controls (Fig 5F), consistent with the contention that INPP4B
enhances lysosome reformation by supplying PI(3)P as a substrate
for PIKfyve-mediated PI(3,5)P, generation. Furthermore, YM201636
treatment rescued the decreased LC3B-II observed in GFP-INPP4B
cells (Fig 5G and H), suggesting that INPP4B promotes basal autop-
hagic flux via enhanced PIKfyve-dependent lysosome reformation.

SNX2 is a PI(3,5)P, effector that promotes lysosome reformation

The membrane-associated molecular machinery that facilitates lyso-
some reformation from endolysosomes remains largely unknown.
The PI(3,5)P,-binding calcium channel protein, TRPMLI, is the only
described effector of lysosome reformation from endolysosomes,
which is required for scission of endolysosome tubules (Miller
et al, 2015). However, there are likely to be unidentified factors that
co-ordinate the initial budding and extension of endolysosome
tubules. Interestingly, sorting nexin (SNX) proteins SNX1 and SNX2
contain a PI(3,5)P,-binding phox homology (PX) domain, and a
functional bin-amphiphysin-rvs (BAR) domain that detects and pro-
motes membrane curvature (Cozier et al, 2002; Carlton et al, 2005).
SNX1 and SNX2 form part of the retromer complex that regulates
endosome-to-Golgi transport, but also possess in vitro membrane

tubulation activity (van Weering et al, 2012), suggesting the poten-
tial to intrinsically regulate membrane deformation events. SNX1
and SNX2 were also identified in PI(3,5)P, interactomes as well as
Figd and Vacl4 proximity interactomes (Catimel et al, 2008; Qiu
et al, 2021), consistent with an association with the PIKfyve com-
plex, but their function in this context has not been reported. We
therefore investigated whether SNX1 or SNX2 function as PI(3,5)P,
effectors of lysosome reformation from endolysosomes. Lysosome
numbers were assessed under growth conditions in GFP-INPP4B or
GFP-vector cells with concurrent SNXI or SNX2 siRNA depletion
(Fig 6A and B, and Appendix Fig S3A and B). SNXI depletion had
little impact on lysosomes. In contrast, SNX2 depletion significantly
reduced lysosome numbers in GFP-INPP4B and GFP-vector cells
and lysosomes also appeared swollen, reminiscent of PIKfyve inhibi-
tion, suggesting that SNX2 is a potential effector of lysosome refor-
mation. To exclude off-target effects of SNX2 siRNA, we also found
that siRNAs targeting the 3’-UTR region of SNX2 reduced lysosome
numbers, and this effect was reversed by co-expression of recombi-
nant GFP-SNX2 (Appendix Fig S3C-G).

SNX2 is predominantly recruited to early endosomes by PI(3)P
where it regulates retromer-dependent trafficking, but interestingly,
SNX2 binds with similar affinity to PI(3,5)P, and a minor pool of

Figure 6. SNX2 is a putative PI(3,5)P, effector that promotes lysosome reformation.

A, B MCF-7 cells expressing GFP-INPP4B or GFP-vector were transfected with nontargeted (NT), SNXI, or SNX2 siRNA. After 24 h, cells were fixed and immunostained
with LAMP2 antibodies, and co-stained with DAPI and phalloidin (A). Data represent the number of LAMP2" puncta relative to cell area (um? n = 3 experiments,

> 40 cells per experiment) (B).

C Timelapse snapshots of LAMP1-mCherry and GFP-SNX2 signals from MCF-7 cells captured by spinning disk microscopy. Maximum intensity projections of two z-

planes taken 0.27 um apart are shown.

D, E MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated with 5 pM YM201636 (PIKfyve inhibitor) for 2 h, then YM201636 was washed out for 1 h. Cells were
fixed and immunostained with SNX2 and LAMP1 antibodies, and co-stained with DAPI (D). Data represent the proportion of SNX2" LAMP2 puncta (n = 3 experi-
ments, > 40 cells/experiment) (E). Arrows show co-localization between SNX2 and LAMP2.

F Hela cells were transfected with GFP-SNX2. After 24 h, cells were treated with 5 uM YM201636 (PIKfyve inhibitor) for 2 h, then YM201636 was washed out for 1 h.
Cells were fixed and subjected to immuno-electron microscopy analysis using GFP (10 nm) antibodies. Arrows show GFP-SNX2 localization on a lysosome.

G HeLa cells were transfected with GFP-PIKfyve. After 24 h, cells were treated with 5 uM YM201636 (PIKfyve inhibitor) for 2 h, then YM201636 was washed out for
1 h. Cells were fixed and immunostained with SNX2, GFP, and LAMP2 antibodies, and imaged using super resolution microscopy. Arrows show co-localization

between GFP-PIKfyve, SNX2, and LAMP2.

H MCF-7 cells expressing LAMP1-mCherry were transfected with NT or SNX2 siRNA. After 24 h, cells were imaged by spinning disk microscopy for 20 min. Representa-
tive time-lapse snapshots of LAMP1-mCherry from a maximum projection of three z-planes taken 0.27 um apart are shown. Arrow indicates lysosome reformation.
| Data represent the number of LAMP1" reformation events per cell per minute (n = 21 NT siRNA cells, n = 27 SNX2 siRNA cells).

Data information: Data are presented as mean =+ SD. The insets at the lower right or bottom of each image are higher power regions of the boxed areas. Scale bar is
10 um in (A C, D, G, H), and 100 nm in (F). P values determined by one-way ANOVA in with Tukey post hoc test in (B, E), or by two-tailed unpaired t test in (I).

Source data are available online for this figure.
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SNX2 localizes to lysosomes under growth conditions (Carlton
et al, 2005; Mellado et al, 2014). Spinning disk microscopy revealed
that GFP-SNX2 co-localized with LAMP1-mCherry-positive lyso-
somes undergoing reformation in live cells (Fig 6C). We determined
whether SNX2 is recruited to lysosomes in response to PIKfyve-
generated PI(3,5)P, using SNX2-specific antibodies
(Appendix Fig S3H and I). Co-localization of endogenous SNX2 with
lysosomes was minimal following PIKfyve inhibition in GFP-INPP4B
and GFP-vector control cells, however, SNX2 lysosome co-
localization significantly increased following PIKfyve reactivation
(Fig 6D and E), suggesting that SNX2 is recruited to lysosomes in a
PI(3,5)P,-dependent manner. This was confirmed by immuno-
electron microscopy, which demonstrated that a pool of GFP-SNX2
localized to lysosome membranes during PIKfyve reactivation
(Fig 6F). As current PI(3,5)P, probes display poor selectivity (Ham-
mond et al, 2015), we assessed SNX2 co-localization with PIKfyve,
the only enzyme that synthesizes PI(3,5)P, (Zolov et al, 2012).
Super resolution microscopy revealed that SNX2 co-localized with
GFP-PIKfyve on lysosomes during PIKfyve reactivation (Fig 6G).
Together, these findings suggest that SNX2 is recruited to lysosomes
by PIKfyve generation of PI(3,5)P,. In control studies, we found that
PIKfyve inhibition did not affect SNX2 localization to early endo-
somes (Appendix Fig S3J and K). To determine whether SNX2 is
required for lysosome reformation, we utilized our analysis pipeline
to identify and quantify lysosome reformation events in nontargeted
(NT) and SNX2 siRNA live MCF-7 cells by spinning disk microscopy
(Fig 6H, Movies EV3 and EV4). SNX2 siRNA cells exhibited a strik-
ing decrease in the number of lysosome reformation events per min-
ute compared to NT siRNA cells (Fig 6I). Notably, lysosome tubules
were rarely detected in the absence of SNX2, suggesting that SNX2
may be required for the formation of endolysosome tubules during
lysosome reformation. Taken together, these findings suggest that
SNX2 is recruited to lysosomes by PIKfyve-generated PI(3,5)P, and
contributes to lysosome reformation.

INPP4B/PIKfyve-dependent lysosome reformation protects
against proteotoxic stress

Basal autophagy is critically important for maintaining cellular
homeostasis, and is required for a number of cellular processes

Figure 7. INPP4B and PIKfyve are required for proteotoxic stress response.
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including the protein quality control pathway. During proteotoxic
stress, misfolded or aggregated proteins are tagged with ubiquitin
chains and are subsequently degraded either by the ubiquitin pro-
teasome system, or larger aggregates are sequestered by autophago-
somes and degraded via autophagy. Prolonged proteotoxic stress
activates apoptosis and cell death, and defective proteotoxic stress
responses cause cytotoxicity leading to a range of pathological con-
ditions (Dubnikov et al, 2017). Inhibition of basal autophagy in vivo
following Atg5 or Atg7 deletion results in the accumulation of ubig-
uitinated protein aggregates leading to cytotoxicity and neurodegen-
erative disease (Hara et al, 2006; Komatsu et al, 2006), highlighting
the critical cytoprotective role of basal autophagy. However,
whether lysosome reformation from endolysosomes contributes to
protein quality control remains unclear. We therefore investigated
whether INPP4B/PIKfyve regulation of lysosome reformation and
basal autophagy are required for protein aggregate clearance during
proteotoxic stress. Puromycin is widely used experimentally to
induce proteotoxic stress by prematurely terminating protein trans-
lation leading to misfolded proteins that accumulate as ubiquitin-
tagged aggregates (Fan et al, 2010; Park et al, 2017). INPP4B siRNA
depletion or YM201636 treatment significantly increased the accu-
mulation of protein aggregates in puromycin-treated cells (Fig 7A-
D). In contrast, GFP-INPP4B reduced protein aggregation under sim-
ilar experimental conditions (Fig EVSA and B). To exclude whether
this difference was due to protein aggregate clearance by the ubiqui-
tin proteasome system, cells were also co-treated with the protea-
some inhibitor MG132. GFP-INPP4B expression also reduced protein
aggregation under these conditions (Fig EVSA and B), which was
reversed by concomitant YM201636 or bafilomycin Al treatment
(Figs 7E and F, and EV5C and D). Collectively, this data indicates
that INPP4B/PIKfyve regulation of lysosome reformation is required
for autophagic degradation of protein aggregates. Finally, we
assessed whether INPP4B/PIKfyve-dependent lysosome reformation
protects against cytotoxicity during prolonged proteotoxic stress.
Critically, we found that INPP4B siRNA depletion or YM201636
treatment significantly reduced cell viability in response to puro-
mycin treatment (Fig 7G and H). These findings suggest that
INPP4B/PIKfyve-dependent lysosome reformation is required for
protein quality control, and inactivation of this pathway leads to
cell death. Altogether, our findings identify a phosphoinositide

A, B Hela cells transfected with INPP4B or nontargeted (NT) siRNA were treated for 1 h with 5 pug/ml puromycin. Cells were fixed and immunostained with ubiquitin
antibodies, and co-stained with DAPI and phalloidin (A). Data represent the percentage of cells with ubiquitinated protein aggregates (n = 3 experiments, > 200

cells/experiment) (B).

C,D Hela cells were treated with 5 pM YM201636 (PIKfyve inhibitor) or DMSO as a vehicle control for 2 h, then 5 pg/ml puromycin for 1 h. Cells were fixed and
immunostained with ubiquitin antibodies, and co-stained with DAPI and phalloidin (C). Data represent the percentage of cells with ubiquitinated protein aggre-

gates (n = 3 experiments, > 200 cells/experiment) (D).

E,F MCF-7 cells expressing GFP-INPP4B or GFP-vector were treated for 4 h with 10 pg/ml puromycin, 5 pm MG132, and either 5 pM YM201636 (PIKfyve inhibitor) or
DMSO as a vehicle control. Cells were fixed and immunostained with ubiquitin antibodies, and co-stained with DAPI and phalloidin (E). Data represent the percent-
age of cells with ubiquitinated protein aggregates (n = 3 experiments, > 200 cells/experiment) (F).

G Hela cells transfected with INPP4B or NT siRNA were treated with 10 pg/ml puromycin for 2-6 h, then cell viability was assessed using CellTiter-Glo® assays. Data
represent the relative cell viability normalized to untreated cells (n = 3 experiments).

H Hela cells were treated 10 pug/ml puromycin 45 pM YM201636 (PIKfyve inhibitor) or DMSO as a vehicle control for 2-6 h, then cell viability was assessed using
CellTiter-Glo® assays. Data represent the relative cell viability normalized to untreated cells (n = 3 experiments).

Data information: Data are presented as mean + SD. The insets at the lower right or bottom of each image are higher power regions of the boxed areas. Scale bar is
10 um in (A, C, E). P values determined by one-way ANOVA in with Tukey post hoc test in (B, D, F), by two-tailed unpaired t test of the area under the curve in (G), or by

one-way ANOVA with Tukey post hoc test of the area under the curve in (H).
Source data are available online for this figure.

© 2022 The Authors
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conversion pathway via endosomes that is required for lysosome
reformation from endolysosomes, basal autophagic flux and protec-
tion against proteotoxic stress.

Discussion

Here, we identify a molecular pathway that controls lysosome repop-
ulation during basal autophagy that is dependent on endosome
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maturation and lysosome reformation from endolysosomes. PI3Ka
generates PI(3,4,5)P; at the plasma membrane in response to growth
factor stimulation, which is rapidly hydrolyzed to PI(3,4)P, by inosi-
tol polyphosphate 5-phosphatases (Rodgers et al, 2017). INPP4B
dephosphorylates this PI(3,4)P, pool to generate PI(3)P on late endo-
somes (Rodgers et al, 2021). Through a comprehensive and system-
atic examination, we show here that INPP4B-generated PI(3)P is
maintained on endolysosomes following endosome maturation and
serves as a substrate for PIKfyve phosphorylation to form PI(3,5)P,.
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The SNX-BAR protein, SNX2, binds PI(3,5)P, to promote endolyso-
some tubule formation and lysosome reformation. This molecular
pathway is required to ensure lysosome homeostasis during basal
autophagy, whereby suppression of phosphoinositide conversion or
endosome maturation reduces lysosome numbers and basal autop-
hagic degradation leading to cytotoxicity during proteotoxic stress.
Therefore, our data suggest a model whereby PI3Ka signaling initi-
ates a phosphoinositide pathway under nutrient-rich conditions,
which results in PI(3)P generation on late endosomes that promotes
PI(3,5)P,-dependent lysosome repopulation during basal autophagy
(Fig 8).

The contribution of the class I PI3K signaling network to autop-
hagy is complex, with evidence that class I PI3K effector proteins
can promote or suppress autophagy (Yu et al, 2015; Manning &
Toker, 2017). We demonstrate class I PI3K-dependent PI(3)P syn-
thesis regulates autophagy in a distinct manner to the canonical
Vps34-dependent PI(3)P pathway, suggesting functional specificity
between these different PI(3)P pools. Vps34-generated PI(3)P is
required for starvation-induced autophagy by promoting autophago-
some formation, recruitment of autophagic cargo, autophagosome-—
lysosome fusion, and the repopulation of lysosomes by ALR (Axe
et al, 2008; Russell et al, 2013; Dooley et al, 2014; Munson
et al, 2015). In contrast, we show that INPP4B-generated PI(3)P
downstream of PI3Ka is required for basal autophagy by promoting
lysosome reformation from endolysosomes. Notably, INPP4B-
generated PI(3)P is dispensable during starvation-induced autop-
hagy where PI3Ka activation is minimal (Manning & Toker, 2017;
Rodgers et al, 2017). All cellular PI(3,5)P, is generated via PI(3)P
phosphorylation by the PIKfyve complex, which contains the cat-
alytic 5-kinase PIKfyve and two regulatory components, the lipid/
protein phosphatase Figd and the scaffold protein Vacl4 (Zolov
et al, 2012; Lees et al, 2020). PI(3)P to PI(3,5)P, conversion by the
PIKfyve complex is required for multiple intracellular trafficking
events including endosomal sorting, endosome-to-Golgi transport,
and lysosome reformation (Rutherford et al, 2006; Jefferies
et al, 2008; Bissig et al, 2017; Choy et al, 2018). Although a large
proportion of the PI(3)P substrate for PIKfyve is synthesized by
class IIT PI3K, there is a distinct Vps34-independent PI(3)P substrate
pool derived from class I PI3K (Ikonomov et al, 2015). Recent
reports show that class I PI3K-derived PI(3,4)P, signals are hydro-
lyzed to PI(3)P on endosomes by INPP4B (Liu et al, 2018, 2020;
Rodgers et al, 2021). Our findings demonstrate that INPP4B-
generated PI(3)P signals on endosomes are retained as this compart-
ment matures into endolysosomes, and in turn PI(3)P is subse-
quently phosphorylated to PI(3,5)P, by PIKfyve. Therefore, we
propose that the lysosomal PI(3,5)P, pool that functions during
basal autophagy is derived from sequential action of PI3Ka, INPP4B,
and PIKfyve to facilitate lysosome reformation from endolysosomes.

We propose that a functional endosomal system is required
to maintain lysosome homeostasis during basal autophagy. There
is an emerging body of evidence that autophagosome mem-
branes are derived from recycling endosomes (Longatti
et al, 2012; Puri et al, 2018) or hybrid Golgi-endosome structures
(Kumar et al, 2021), suggesting that significant convergence
exists between the endosomal and autophagy pathways. How-
ever, the complexities of the functional intersection of these two
pathways are still emerging. ESCRT proteins, which promote the
formation of ILVs within late endosomes to facilitate endosome

© 2022 The Authors
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maturation, are also required for basal autophagic degradation
by unknown mechanisms (Filimonenko et al, 2007; Rusten
et al, 2007). Consistent with this, we found that suppression of
late endosome maturation via inactivation of INPP4B or the
ESCRT protein, Hrs, reduced basal autophagic degradation.
Mechanistically, we propose that this block in autophagy results
from an inability to retain and/or access PI(3)P on endolyso-
somes for PIKfyve generation of PI(3,5)P,. This reveals an unan-
ticipated level of interplay between endosomal and autophagy
pathways, whereby basal autophagy is dependent on the contin-
ued maturation of endosomes in order to facilitate PIKfyve-
dependent lysosome reformation.

Our findings provide mechanistic insight into how lysosome
membrane recycling occurs under basal autophagy. Although
lysosome reformation was first described over a decade ago
(Pryor et al, 2000; Bright et al, 2005), the significant challenges
associated with capturing these rapid membrane remodeling
events have greatly limited our understanding of the molecular
mechanisms that govern this process. Our development of a rapid
imaging and quantitative analysis workflow enabled us to exam-
ine lysosome reformation in live cells and identify INPP4B, a PI
(3)P-generating enzyme, and SNX2, a PI(3,5)P,-binding effector,
as direct regulators of this process. The PI(3,5)P,-binding calcium
channel protein, TRPML1, promotes scission of endolysosome
tubules (Miller et al, 2015), and here we show that SNX2 is
required for the initiation and/or extension of endolysosome
tubules, suggesting that these PI(3,5)P, effectors work at different
stages of lysosome reformation. Some SNX proteins require coin-
cidence detection of multiple phosphoinositides or proteins to reg-
ulate their localization and activity (Carlton et al, 2004; Daste
et al, 2017). We demonstrate that SNX2 recruitment to endolyso-
somes is dependent on PI(3,5)P, generation by PIKfyve. However,
as SNX2 can also bind PI(3)P, PI(4)P, and PI(3,4)P, (Carlton
et al, 2005; Chandra et al, 2019), we cannot exclude the possibil-
ity that co-incidence phosphoinositide detection may contribute to
SNX2 recruitment or activation on endolysosomes. Furthermore,
there is likely to be additional molecular machinery that co-
ordinates lysosome reformation from endolysosomes, such as
motor proteins or actin scaffolds that are essential for autolyso-
some tubule extension during ALR (Rong et al, 2012; Du
et al, 2016; Dai et al, 2019; McGrath et al, 2021).

Dissecting the pathways that underpin lysosome repopulation
during autophagy may provide important insights into the molec-
ular basis of diseases associated with lysosome and autophagy
dysfunction. Defective lysosome homeostasis is linked to a wide
spectrum of human diseases (Bonam et al, 2019). We and others
recently uncovered defective ALR leads to muscular and neurolog-
ical disorders associated with enlarged lysosomal compartments
and reduced autophagic capacity (Varga et al, 2015; Vantaggiato
et al, 2019; McGrath et al, 2021). It is currently unknown
whether defective lysosome reformation from endolysosomes is
pathogenic. However, mutations in PIKfyve complex proteins Fig4
and Vacl4 cause PI(3,5)P, depletion and neurological disease
(Chow et al, 2007; Zhang et al, 2007, 2008; Zolov et al, 2012).
There is a strong association with lysosome dysfunction in these
disorders, including the presence of enlarged lysosomes in both
patient samples and mouse models. The reasons for lysosome
enlargement are still emerging, but this is a characteristic feature
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Figure 8. Phosphoinositide conversion via endosomes contributes to lysosome

repopulation during basal autophagy.

Under nutrient-rich conditions, PI3Ka generates PI(3,4,5)P5 at the plasma membrane, which is subsequently hydrolyzed to PI(3,4)P, by inositol polyphosphate 5-
phosphatases. PI(3,4,5)P5 and PI(3,4)P, recruit and activate the serine/threonine kinase AKT, which in turn activates mTORCL to suppress autophagy. Alternatively, PI(3,4)
P, is also hydrolyzed by INPP4B on endosomes to PI(3)P, which is retained on endolysosomes following late endosome maturation. PI(3)P is then phosphorylated by
PIKfyve to PI(3,5)P,, which recruits the SNX-BAR protein SNX2 to promote lysosome reformation and basal autophagic degradation.

observed with inhibition of lysosome reformation in cellular mod-
els (Bissig et al, 2017; Choy et al, 2018) and may relate to an
inability to regenerate lysosomes from endolysosome membranes.
Moreover, PIKfyve inhibition in lymphoma and neuronal cells
also causes lysosome swelling and dysfunction leading to
autophagosome  accumulation  (Martin et al, 2013;  Gayle
et al, 2017), consistent with a role for PIKfyve in maintaining the
supply of lysosomes needed for autophagosome fusion to form
autolysosomes. Our data demonstrates that disruption of INPP4B/
PIKfyve-dependent lysosome reformation leads to protein aggre-
gate accumulation and proteotoxicity, processes that are associ-
ated with neurological disease (Dubnikov et al, 2017). It is
interesting to speculate whether reduced lysosome reformation
and increased proteotoxic stress may contribute to neurological
disease resulting from PIKfyve complex inactivation, and in turn,
whether dysregulation of lysosome reformation from endolyso-
somes may impact on other human diseases.
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Materials and Methods

Cell culture

MCF-7 (cat # HTB-22), HeLa cells (cat # CCL2), and HEK293T (cat #
CRL-3216) cells were purchased from ATCC. MCF-7 cells were cul-
tured in DMEM supplemented with 10% (v/v) FCS, 2 mM L-
glutamine, 100 units/ml penicillin, 1% (v/v) streptomycin, and
10 pg/ml insulin. HeLa and HEK293T were cultured in DMEM sup-
plemented with 10% (v/v) FCS, 2 mM L-glutamine, 100 units/ml
penicillin, and 1% (v/v) streptomycin. All cells were maintained in
a 5% CO,-humidified 37°C incubator. All aseptic culture techniques
were performed in a class II biohazard hood. Cells were routinely
tested to confirm the absence of mycoplasma contamination. Cell
line authentication was not performed.

For nutrient deprivation, cells were washed twice with PBS then
incubated in EBSS (Sigma, cat # E3024) for 2-6 h as indicated. For
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experiments using SAR405 (Selleckchem, # S7682), bafilomycin Al
(Sigma, cat # B1793), or YM201636 (Selleckchem, cat # S1219), cells
were treated with the indicated dose or the same volume of DMSO
as a vehicle control. For YM201636 washout experiments, cells were
washed twice with growth media then incubated with fresh growth
media.

cDNA constructs

To generate pBMN-LAMP1-mCherry and pBMN-LAMP1-mEGFP, the
PBMN-Z retroviral vector (Gary Nolan, Stanford University,
Addgene, cat # 1734) was digested with Sall/BamH]1 before cloning
using the HiFi DNA Assembly 1232 Kit (New England Biolabs, cat #
ES5520S) according to the manufacturer’s instructions. LAMP1-
mCherry and LAMP1-mEGFP were generated by PCR amplification
of LAMP1-RFP (Sherer et al, 2003; Addgene, cat # 1817) and either
pBMN-mCherry-C1 (Michael Lazarou, Walter and Eliza Hall Insti-
tute of Medical Research and Monash University, Australia; Padman
et al, 2019), or pBMN-mEGFP-INPP5K (McGrath et al, 2021),
respectively. pCGN-HA-INPP4BYT and pCGN-HA-INPP4B“%4?4 were
generated by digesting pCGN-HA (Gurung et al, 2003) with Kpnl.
INPP4BYT or INPP4B“®42A (Rijal et al, 2015) were amplified with
Kpn1 digestion sites, then digested and cloned into the KpnI site of
PCGN-HA. All generated plasmid DNA sequences were verified by
Sanger sequencing (Micromon, Monash University, Australia).
pEGFP-SNX2 was a kind gift from Brett Collins (University of
Queensland, Australia). pEGFP-PIKFYVE was a kind gift from Geert
van den Bogaart (Addgene, cat # 121148; Baranov et al, 2019).
PEGFP-C2 was purchased from Clontech (cat # 6083-1).

Generation of stable cell lines by viral transduction

Retroviral and lentiviral transductions were carried out as previ-
ously described (Lazarou et al, 2015; Rodgers et al, 2021). Cells
transduced with lentiviral particles encoding pHIV-1SDmCMV.pre
GFP-vector, pHIV-1SDmMCMV.pre GFP-INPP4B (Fedele et al, 2010),
PBMN-LAMP1-mEGFP, or pBMN-LAMP1-mCherry were selected by
fluorescent activated cell sorting (FACS) (Flowcore, Monash Univer-
sity, Australia). Cells transduced with pLKO.1-puro Non-
Mammalian shRNA (Sigma, cat # SHC002), INPP4B #1 mission®
shRNA (Sigma, cat # TRCN0000052721), INPP4B #2 mission®
shRNA (Sigma, cat # TRCN0000052722), or HGS mission® shRNA
(Sigma, cat # TRCN000038-0920) lentiviral particles were selected
by culturing cells in media containing 1 pg/ml puromycin (Sigma,
cat # P9620) for 1 week, then cultured into puromycin-free media at
least 1 week before experiments were conducted.

Cell transfections

PCGN-HA-vector, pCGN-HA-INPP4BWT, pCGN-HA-INPP4BC342A
PEGFP-PIKFYVE, pEGFP-SNX2, or pEGFP-C2 were transfected into
cells using Lipofectamine 3000 (Invitrogen, cat # L3000001) accord-
ing to the manufacturer’s instructions. Cells were co-stained with
HA or GFP antibodies (Appendix Table S1) in all experiments in
order to detect transfected cells. For siRNA depletion, cells were
reverse transfected with INPP4B siRNA (Qiagen, cat # SI05133338),
PIK3CA siRNA #1 (Qiagen, cat # S102622207), PIK3CA siRNA #2
(Qiagen, cat # SI02665369), PIPSK3 siRNA #1 (Qiagen, cat #

© 2022 The Authors
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SI103063928), PIPSK3 siRNA #2 (Qiagen, cat # SI05049359), SNXI
siRNA (Qiagen, cat # SI00047775), SNX2 siRNA (Qiagen, cat #
S104258394), SNX2 3>-UTR siRNA (Qiagen, cat # SI05077534), or NT
siRNA (Qiagen, cat # 1027281) using Lipofectamine RNAIMAX
(Invitrogen, cat # 13778075) according to the manufacturer’s direc-
tions (Transfecting Stealth™ RNAi or siRNA into MCF7 Cells Using
Lipofectamine™ RNAIMAX). Following transfections, cells were
incubated for 24 h at 37°C before experiments were conducted.

Immunoblotting

Cell lysates were prepared for immunoblotting by washing cells
once with TBS on ice followed by direct cell lysis in 40 mM of Tris
pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 0.0002% (w/v) bro-
mophenol blue, 50 mM of DTT. Lysates were boiled for 5 min at
100°C, and proteins were separated by 10% SDS-PAGE at 150 V for
1-1.5 h. LC3B proteins were transferred to PDVF by electrophoresis
at 100 mA for 2 h. All other proteins were transferred to PVDF at
250 mA for 1.5 h. Immunoblot blocking solution (5% skim milk in
TBS) was added to membranes for 1 h at room temperature while
rocking. Membranes were incubated in primary antibodies
(Appendix Table S1) diluted in TSB-T overnight at 4°C while rock-
ing. Membranes were washed three times with TBS-T while rocking
for 10 min each. Secondary HRP-conjugated antibodies
(Appendix Table S1) diluted in TBS-T were added for 1 h at room
temperature then membranes were washed three times in TBS-T
while rocking for 10 min each. Membranes were immersed in ECL
Plus for 1 min, then exposed to X-ray film in a dark room and devel-
oped using a Fuji processor. Densitometry with ImageJ version 2.0.0
software (https://imagej.nih.gov) (Schneider et al, 2012) was used
to quantify protein bands, with signals being normalized to the load-
ing control protein GAPDH.

Immunofluorescence

Immunofluorescence of lysosomes and endosomes

Endosomes and lysosomes were visualized by immunofluorescence
using a saponin-based protocol that preserves endosomal structures
(Scheffler et al, 2014). Cells were seeded onto 15 mm round cover-
slips. After 24 h, cells were fixed with 4% (w/v) PFA for 20 min,
then washed three times in 50 mM of NH4Cl in PBS. Cells were
blocked and permeabilized in 2% (w/v) BSA, 0.05% (w/v) saponin
in PBS for 1 h. Primary antibodies (Appendix Table S1) were
diluted in blocking solution and added overnight at 4°C, then cells
were washed three times in PBS. Alexa Fluor® secondary antibod-
ies, phalloidin and DAPI (Appendix Table S1) were diluted in block-
ing solution and added for 1 h at room temperature. Cells were
washed three times with PBS, and mounted onto slides with
Fluoromount-G. Slides were imaged using a Leica SP8 invert confo-
cal laser scanning microscope (Monash Micro Imaging, Monash
University, Australia) and LAS X version 3.5.6.21594 software
(Leica, https://www.leica-microsystems.com/). Single z-plane
images were taken using the same laser power for all conditions
within the same experiment. For super resolution microscopy, slides
were imaged using a Zeiss LSM980 confocal laser scanning micro-
scope with an Airyscan 2 detector (Monash Micro Imaging, Monash
University, Australia) and ZEN version 3.3 (Zeiss, https://www.
zeiss.com/).
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To visualize INPP4B at lysosomes and endosomes, cells were
pretreated with saponin before fixation to remove cytoplasmic pro-
teins and retain proteins bound by intracellular membranes as pre-
viously described (Marat et al, 2017). Media was aspirated from
cells, then cells were permeabilized with 0.02% (w/v) saponin,
25 mM of KCl, 2.5 mM of MgCl,, 25 mM of HEPES, pH 7.4 for 30 s.
Cells were then fixed and stained using the saponin-based protocol
as described above.

Immunofluorescence of autophagosomes and protein aggregates
Cells were seeded onto 15 mm coverslips. The following day, cells
washed three times with PBS and fixed with 4% (w/v) PFA for
30 min. Cells were washed three times in PBS. Cells were permeabi-
lized with 0.1% (v/v) Triton X-100 in PBS for 90 s. Cells were
washed three times with PBS. Cells were blocked in 3% (w/v) BSA
in PBS for 1 h. Primary antibodies (Appendix Table S1) were
diluted in blocking solution and added for 1 h. Cells were washed
three times with PBS. Alexa Fluor® secondary antibodies, phal-
loidin, and DAPI (Appendix Table S1) were diluted in block and
added for 1 h. Cells were washed three times with PBS and mounted
on to slides with Fluoromount G. Slides were imaged using a Leica
SP8 invert confocal laser scanning microscope and LAS X version
3.5.6.21594 software. Single z-plane images were taken using the
same laser power for all conditions within the same experiment.

GFP-mCherry-LC3B biosensor

Cells were transduced with retroviral particles encoding pBABE-
puro-mCherry-EGFP-LC3B  (Addgene, cat #22418; N’Diaye
et al, 2009) as previously described (Lazarou et al, 2015). Follow-
ing transduction, cells were seeded onto 15 mm round coverslips.
The following day, cells were fixed in 4% (w/v) PFA for 20 min,
then washed three times with PBS. DAPI was diluted in PBS and
added to cells for 30 min, then cells were washed three times with
PBS. Coverslips were mounted onto slides with Fluoromount-G and
imaged using a Leica SP8 invert confocal laser scanning microscope
and LAS X version 3.5.6.21594 software. Single z-plane images were
taken using the same laser power for all conditions within the same
experiment.

Detection of PI(3)P by immunofluorescence

PI(3)P staining was performed as previously described using the
“Golgi” staining method (Hammond et al, 2009). Briefly, cells were
seeded onto 15 mm round coverslips. The following day, cells were
fixed in 2% (w/v) PFA for 15 min. Cells were washed three times
with 50 mM of NH4CI in PBS, and then permeabilized with Buffer A
(20 mM PIPES, 137 mM NaCl, 2.7 mM KCl, pH 6.8) with 20 uM of
digitonin for 5 min. Cells were washed three times in Buffer A and
then blocked with 5% (v/v) goat serum, 50 mM of NH,Cl in Buffer
A for 45 min. Eight ug/ml of recombinant GST-2xFYVE"™ (Naughtin
et al, 2010) was diluted with 5% (v/v) goat serum in Buffer A and
added to cells for 45 min. Cells were washed twice with Buffer A
then primary antibodies (Appendix Table S1) were diluted in 5%
(v/v) goat serum in Buffer A and added to cells for 1.5 h. Cells were
washed twice with Buffer A. Alexa Fluor® secondary antibodies
and DAPI (Appendix Table S1) were diluted with 5% (v/v) goat
serum in Buffer A and added to cells for 45 min. Cells were washed
four times with Buffer A. Cells were postfixed with 2% (w/v) PFA
then washed three times in 50 mM of NH4Cl in PBS and once with
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dH,0. Coverslips were mounted onto slides with Fluoromount-G
and imaged using a Leica SP8 invert confocal laser scanning micro-
scope and LAS X version 3.5.6.21594 software. Single z-plane
images were taken using the same laser power for all conditions
within the same experiment.

Particle analysis

Images were analyzed using ImageJ version 2.0.0 software. For par-
ticle analysis, the same channel threshold was applied to all images
from the same experiment. The “analyse particle” plugin was used
to determine the number and/or size of p62-positive, LAMPI-
positive, or LAMP2-positive puncta greater than 0.1 um? per cell. To
determine the distance of lysosomes from the nucleus, the centroid
coordinates of individual lysosomes and nuclei were used to deter-
mine distance using the equation: distance = v((lysosome x coordi-
nate — nucleus x coordinate)® + (lysosome y coordinate — nucleus
y coordinate)?). Particle co-localization analysis was performed as
previously described (De Leo et al, 2016). To determine the propor-
tion of PI(3)P-positive lysosomes, SNX2-positive lysosomes, or
SNX2-positive early endosomes, the LAMPI-positive or EEA1l-
positive puncta were used to construct a mask that was overlaid
with the 2xFYVE-positive or SNX2-positive puncta. To quantify
CD63-positive/p62-positive amphisomes, the CD63-positive puncta
were used to construct a mask that was overlaid with the p62-
positive puncta. The number of double positive puncta with > 30%
overlap in area were quantified. To determine lysosomal phospho-
mTOR staining intensity, the LAMP1 channel was used to construct
a mask that was overlaid with the phospho-mTOR staining. Fluores-
cence intensity of phospho-mTOR signals co-localizing with LAMP1
were calculated and normalized to cell area.

Live cell imaging

Magic Red™ cathepsin B

Magic Red™ cathepsin B assays (Bio-Rad, cat # 6133) were carried
out according to the manufacturer’s instructions. Cells were seeded
in 4-well chamber slides. The following day, cells were washed once
with PBS, then incubated for 30 min with Magic Red™ cathepsin B
and 1 pg/ml Hoechst 33342 diluted in live cell media containing
phenol red-free DMEM, 10% (v/v) FCS, and 10 pg/ml insulin. Live
cells were imaged in a 5% CO,-humidified 37°C chamber using a
Leica SP8 invert confocal laser scanning microscope and LAS X ver-
sion 3.5.6.21594 software. Single z-plane images were taken using
the same laser power for all conditions within the same experiment.
The “analyse particle” plugin was used to determine the number of
Magic Red™ cathepsin B-positive puncta per cell, with the same
channel threshold applied to each image in the same experiment. To
quantify LAMP1-positive/Magic Red™ cathepsin B-negative terminal
storage lysosomes, the LAMP1-positive puncta were used to con-
struct a mask that was overlaid with the Magic Red™ cathepsin B-
positive puncta.

Lysosome reformation

Cells expressing LAMP1-mCherry were seeded in a 35 mm Flu-
oroDish. The following day, cells were washed once with PBS then
phenol red-free DMEM containing 10% (v/v) FCS and 10 pg/ml
insulin were added. Live cells were imaged in a 5% CO,-humidified
37°C chamber using a 3i Marianas Spinning Disk microscope
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(Monash Micro Imaging, Monash University, Australia) and Slide-
book version 6.0.22 (Intelligent Imaging Innovations, https://www.
intelligent-imaging.com/). To visualize lysosome reformation, three
z-planes 0.27 um apart were acquired every 500 or 1,000 ms for
20 min using the same laser power for all conditions within the
same experiment. Maximum intensity projections of lysosomes were
converted into three-dimensional kymographs using x, y, and time
axes, and lysosome reformation analysis was performed using
Dragonfly software version 2020.2 (Object Research Systems Inc,
http://www.theobjects.com/dragonfly). Briefly, kymographs of
lysosomes were segmented using OTSU’s method for thresholding
(Otsu, 1979), and skeletonized to detect tubulations events leading
to scissions as branches off the main stem that represents the parent
lysosome. The skeletons were then analyzed for nodes and branches
in order identify and quantify lysosome reformation events
(Appendix Fig S5A-E).

To visualize SNX2 at lysosomes undergoing reformation, MCF-7
cells expressing LAMP1-mCherry were transfected with pEGFP-
SNX2. After 24 h, cells were washed once with PBS then phenol
red-free DMEM containing 10% (v/v) FCS and 10 pg/ml insulin
were added. Live cells were imaged in a 5% CO,-humidified 37°C
chamber using a 3i Marianas Spinning Disk microscope and Slide-
book version 6.0.22. Two z-planes 0.27 pm apart were acquired
every 1,000 ms for 20 min.

Immuno-gold labeling of cryosections for transmission electron
microscopy

Tokuyasu sample preparation and immuno-gold labeling of cryosec-
tions for transmission electron microscopy was performed as
described (Slot & Geuze, 2007; Oorschot et al, 2021). A version of
the protocol is maintained at protocols.io (dx.doi.org/10.17504/
protocols.io.btmrnk56). Cell monolayers were cultured in 10 cm
plates and allowed to reach 80% confluency before being fixed over-
night at 4°C with 0.1 M phosphate buffered 2% (w/v) PFA and
0.2% (w/v) glutaraldehyde. Cells were washed in PBS (3 x 10 min)
and then rinsed for 10 min in 0.15% (w/v) glycine in PBS. The fixed
samples were scraped in 1% (w/v) gelatin in 0.1 M phosphate
buffer and infused for 30 min at 37°C with 12% (w/v) gelatin in
0.1 M phosphate buffer, which was subsequently solidified at 4°C
before being cut into small cubes measuring ~0.5 mm on each edge.
The gelatin embedded cells were infiltrated with 2.3 M sucrose in
0.1 M phosphate buffer at 4°C overnight, rotating. Sucrose-
infiltrated cell blocks were mounted on aluminum cryo-pins and
then frozen in liquid nitrogen for cryo-ultramicrotomy.

Frozen cell blocks were trimmed at —100°C with a cutting speed
of 100 mm/s and a 100 nm feed, and then sectioned at —120°C with
an 0.8 mmy/s cutting speed and 62 nm feed using a UC7/FC7 cryo-
ultramicrotome (Leica Microsystems) equipped with a 20° cryo-trim
diamond knife (Diatome) and a 35° cryo-immuno diamond knife
(Diatome), respectively. Cryosections were retrieved using a stain-
less steel loop with a droplet of phosphate buffered 1% (w/v)
methyl cellulose and 1.15 M sucrose, then deposited on formvar-
coated grids for immunolabeling.

Samples were prepared for immunolabeling by floating grids
section-side down in PBS at 37°C for 1 h. Grids were then rinsed
with 0.15% (w/v) glycine in PBS (3 x 2 min) and blocked with 1%
(w/v) BSA in PBS for 5 min, before incubation with rabbit anti-GFP
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primary antibodies (Appendix Table S1) in 1% (w/v) BSA in PBS
for 1 h at room temperature. Following washes in 0.1% (w/v) BSA
in PBS (5 x 2 min), grids were incubated with Protein-A conjugated
10-nm gold particles (1:50, Cell Biology, UMC Utrecht, Netherlands)
diluted in 1% (w/v) BSA in PBS for 30 min at room temperature
and then washed in PBS (5 x 2 min). The labeling reaction was sta-
bilized by fixation with 1% (w/v) glutaraldehyde in PBS for 5 min
and grids rinsed in distilled water (6 x 1 min). Grids were then con-
trasted with 2% (w/v) uranyloxalate (pH 7) for 5 min at room tem-
perature, and floated twice briefly and then for 10 min on ice cold
0.4% (w/v) uranyl acetate in 1.8% (w/v) aqueous methyl cellulose
(pH 4). Finally, grids were looped out and dried in a thin film of
0.4% (w/v) uranyl acetate in 1.8% (w/v) aqueous methyl cellulose
(pH 4) using a wire loop. High resolution electron micrographs were
acquired using a JEOL-1400 Plus transmission electron microscope
at 80 keV and TEM Centre version 1.7.18.2349 software (Monash
Ramaciotti Centre for Cryo-Electron Microscopy, Monash Univer-
sity, Australia).

RNA analysis

RNA was extracted from cells using the Isolate II RNA extraction kit
(Bioline, cat # BIO-52073) according to the manufacturer’s instruc-
tions. RNA concentration was determined using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific). Extracted RNA was
diluted to 50 ng/ml, and subjected to two-step qRT-PCR using the
iScript gDNA clear cDNA synthesis kit (Bio-Rad, cat # 172-5035) and
the QuantiTect SYBR Green PCR Kit (Qiagen, cat # 204143) according
to the manufacturers’ instructions. Reactions were subjected to
thermocycling using a CFX384 Real Time PCR System (Bio-Rad),
and analyzed using CFX Manager version 3.1 software (Bio-Rad,
https://www.bio-rad.com). All qRT-PCR primers are listed in
Appendix Table S2. A no template control without cDNA and a no
reverse transcriptase control were included to ensure no genomic
DNA was present. The relative expression of the gene of interest was
compared to the standard loading control genes ACTB or RRN18S and
quantified using the AACT method (Dussault & Pouliot, 2006).

Cell viability assays

Cell viability was assessed using CellTiter-Glo® 3D Cell Viability
Assay (Promega, cat # G9681). Briefly, ~24,000 cells were seeded
per well in a 24-well plate. The following day, cells were treated
with 10 pg/ml puromycin and/or 5 pM YM201636 for 2, 4, or 6 h.
At the treatment endpoint, media was removed and replaced with
200 pl of fresh media without inhibitors and 200 pl CellTiter
reagent. The plate was shaken for 5 min and left to incubate in the
dark for 30 min. The integrated luminescence signal was detected
using a BMG LABTECH CLARIOstar Plus plate reader with CLAR-
IOstar version 5.20 R5 and MARS 3.10 R6 software.

Statistics and reproducibility

Genetically modified cells were derived from the same pool of par-
ent cells. Cells were randomly assigned to treatment or control
groups. No sample size calculations were performed. Blinding was
not applied to experiments. All experiments were repeated at least
three times independently to ensure statistical significance of the

The EMBO journal 41:€11039812022 19 of 23


https://www.intelligent-imaging.com/
https://www.intelligent-imaging.com/
http://www.theobjects.com/dragonfly
https://doi.org/10.17504/protocols.io.btmrnk56
https://doi.org/10.17504/protocols.io.btmrnk56
https://www.bio-rad.com

The EMBO Journal

results. Statistical analysis was performed using Prism version 7.0
(GraphPad, https://www.graphpad.com). Two-tailed unpaired t test
was used for experiments with two groups, one-way ANOVA was
used for experiments with more than two groups and one indepen-
dent variable, and two-way ANOVA was used for experiments with
more than two groups and two independent variables. Details of sta-
tistical testing can be found in the figure legends. Differences
between groups were considered statistically different for P val-
ues < 0.05.

Data availability

This study includes no data deposited in external repositories.
Source data and uncropped blots are provided with this paper. All
data that support the findings of this study are available from the
corresponding author upon reasonable request.

Expanded View for this article is available online.
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