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Abstract

Autophagy is a multistep membrane traffic pathway. In contrast
to autophagosome formation, the mechanisms underlying
autophagosome-lysosome fusion remain largely unknown. Here,
we describe a novel autophagy regulator, inositol polyphosphate-
5-phosphatase E (INPP5E), involved in autophagosome-lysosome
fusion process. In neuronal cells, INPPSE knockdown strongly inhib-
ited autophagy by impairing the fusion step. A fraction of INPPSE
is localized to lysosomes, and its membrane anchoring and enzy-
matic activity are necessary for autophagy. INPP5E decreases
lysosomal phosphatidylinositol 3,5-bisphosphate (PI(3,5)P,), one of
the substrates of the phosphatase, that counteracts cortactin-
mediated actin filament stabilization on lysosomes. Lysosomes
require actin filaments on their surface for fusing with autophago-
somes. INPP5E is one of the genes responsible for Joubert syndrome,
a rare brain abnormality, and mutations found in patients with this
disease caused defects in autophagy. Taken together, our data
reveal a novel role of phosphoinositide on lysosomes and an
association between autophagy and neuronal disease.
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Introduction

Autophagy is an intracellular membrane traffic pathway that deliv-
ers cargos in the cytoplasm to lysosomes for the purpose of degrada-
tion (Mizushima & Komatsu, 2011; Mizushima et al, 2011; Lamb
et al, 2013). During autophagy, flattened membrane compartments

called isolation membranes or phagophores form de novo as needed,
elongate to surround a portion of the cytoplasm, and finally close to
form sealed double-membranous autophagosomes. The completed
autophagosomes then fuse with lysosomes. In hybrid organelles
called autolysosomes, the sequestered contents are degraded. The
autophagy-related (Atg) proteins, which are conserved from yeast to
mammals, have been identified as essential components of the
autophagic machinery that tightly regulates the process of auto-
phagy. The primary function of the pathway is to protect cells
against stress, including nutrient starvation, making it possible for
them to recycle nutrients such as amino acids and lipids from
digested organelles. Furthermore, accumulating evidence indicates
that autophagy plays pivotal roles in suppression of various human
disorders including infectious diseases, inflammatory diseases,
neurodegeneration, cancer, diabetes, and heart failure. Thus, auto-
phagy is a potential therapeutic target for treatment of these
diseases (Mizushima & Levine, 2010; Singh & Cuervo, 2011;
Schneider & Cuervo, 2014).

In addition to Atg and other protein components, a specific
phospholipid, phosphatidylinositol 3-phosphate (PI(3)P), is also
involved in autophagy (Kihara et al, 2001; Backer, 2008; Simonsen
& Tooze, 2009; Dall’Armi et al, 2013). Whereas some PI(3)P local-
izes to endosomes and controls membrane trafficking along the
endocytic pathway, some of it localizes to isolation membranes,
forming autophagosomes (also called phagophores). PI(3)P in
isolation membranes is generated by the class III PI3-kinase
Vps34, and impairment of its activity results in a defect in
autophagosome formation. PI(3)P recruits its effectors, such as
DFCP1 and WIPI proteins (Atgl8 in yeast), to the membranes.
Although the precise role of these proteins in autophagy remains
elusive, recent work showed that WIPI2 recruits the Atgl2-5-16L1
complex, which is essential for autophagosome formation, to the
membrane by binding to Atgl6Ll1 (Dooley et al, 2014). Further-
more, several groups including ours have reported that
myotubularin-related protein 3 (MTMR3) and MTMR14/Jumpy,
both of which dephosphorylate PI(3)P to phosphatidylinositol,
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autophagy by reducing the level of PI(3)P (Vergne et al, 2009;
Taguchi-Atarashi et al, 2010). By contrast, MTMRG6 promotes
autophagosome formation (Mochizuki et al, 2013). Because this
protein localizes to the Golgi apparatus, reduction in PI(3)P on
that organelle may indirectly promote autophagy.

PI(3)P is one of eight phosphoinositides (PIs) present in animal
cells. Each PI has its own specific distribution pattern in the cyto-
plasmic leaflet of the plasma and organelle membranes. Like PI(3)P,
other PIs also play crucial roles in a wide range of cellular events
including cytoskeletal dynamics, intracellular signaling, and vesicu-
lar trafficking (Vicinanza et al, 2008; Balla, 2013). For instance,
PI(4,5)P, is mainly localized to the plasma membrane and is
involved in trafficking in the endocytic pathway. PI(4)P is concen-
trated in the trans-Golgi network and recruits its effectors, such as
oxysterol-binding protein, to control the secretory pathway (Di
Paolo & De Camilli, 2006). Therefore, there is a possibility that PIs
other than PI(3)P also function in other steps of autophagy. Indeed,
the decrease in PI(3,5)P, level results in the inhibition of autophagy
albeit the mechanism has been unclear (Ferguson et al, 2009; de
Lartigue et al, 2009). Because the level and localization of PIs are
controlled by phosphoinositide phosphatases (Sasaki et al, 2009;
Balla, 2013), we decided to perform siRNA screening of phospho-
inositide phosphatases other than MTMRs by assaying the effect of
knockdown on autophagy.

The screen revealed inositol polyphosphate-5-phosphatase E
(INPPSE), a PI 5-phosphatase, as a positive regulator of autophagy.
The enzyme localizes to lysosomes and is required for fusion
between autophagosome and lysosomes. Because mutations in
INPPSE cause Joubert syndrome, a rare disorder affecting the cere-
bellum, our findings suggest that autophagic defects in the brain
could cause human disease.

Results
INPP5E, a new component of a later stage of autophagy

Using indirect immunofluorescence microscopy to observe LC3 and
p62 dot formation, we tested the effect of siRNA knockdown of ten
phosphoinositide phosphatases on the number of autophagosomes
in HeLa cells. The results revealed that INPPSE knockdown causes
massive accumulation of both LC3 and p62 dots, which represent
autophagosomes (Appendix Fig S1).

There are two possible causes for
autophagosomes: induction of autophagy or inhibition of a later
stage of autophagy that follows autophagosome formation. To
determine which of these was responsible, we next performed
autophagic flux assays in which we measured degradation of LC3-
II (a lipidated form of LC3 localized to the autophagosome
membrane) and p62, specific substrates of autophagy (Klionsky
et al, 2008). Prior to the autophagic flux assay, we added two dif-
ferent siRNAs that significantly knocked down INPPSE expression
in cells (Fig 1B). Treatment with INPPSE siRNA (siINPPSE)
strongly suppressed autophagic flux in mouse NI1E-115 neuro-
blastoma cells (Fig 1C and D). This inhibitory effect was also
observed, albeit moderately, in mouse embryonic fibroblasts
(Appendix Fig S2A-C) and HeLa cells (data not shown). INPPSE
may be more important for execution of autophagy in neuronal
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cells than in other cell types. Indeed, expression of INPPSE is high
in brain (Kisseleva et al, 2000; Kong et al, 2000). The decrease in
autophagic flux was rescued by expression of mStrawberry (mSt)-
INPPSE, confirming the specificity of the effect (Fig 3). In addition,
as in the initial screening, siINPPSE significantly increased the
number of autophagosomes labeled by LC3, as well as Atg5-labeled
autophagosomes in these cells (Figs 1E and F and Appendix Fig
S3A-C). Consistent with the data, electron microscopy analysis
revealed the accumulation of autophagosomes in INPPSE-depleted
cells (Fig 1G).

To further verify that siINPPSE impairs autophagic flux, we used
mRFP-GFP tandem fluorescent-tagged LC3 (tfLC3) (Kimura et al,
2007). mRFP(+) GFP(+)-LC3 dots represent autophagosomes or their
precursors, whereas mRFP(+) GFP(—) dots indicate autolysosomes,
because GFP fluorescence, but not mRFP fluorescence, is attenuated
by lysosomal acidic pH and hydrolases. In INPPSE-depleted
N1E-115 cells, the ratio of the number of autolysosomes (mRFP(+)
GFP(—) dots) to that of autophagosomes (mRFP(+) GFP(+)-LC3
dots) obviously decreased (Appendix Fig S4A and B), confirming
that autophagic flux is hampered by INPPSE knockdown. On the
basis of these findings, we concluded that INPPSE is required for
the later stage of autophagy in neuronal cells.

INPP5E functions in fusion between autophagosomes
and lysosomes

INPPSE seems to play a role in autophagy after initiation of
autophagosome formation. Hence, we next sought to determine the
exact step in which INPPSE is involved: closure of isolation
membrane, fusion between autophagosomes and lysosomes, or
degradation in autolysosomes. First, we performed a proteinase K
protection assay to determine whether the LC3 puncta that accumu-
lated upon INPPSE knockdown are enclosed autophagosomes or
not; if they are, the LC3 and p62 inside the completed autophago-
somes would not be degraded by proteinase K. We found that the
proteinase K sensitivity to p62 and LC3-II in fractionated samples
was not altered by INPPSE knockdown, whereas Atg2a/2b knock-
down increased in the sensitivity as previously reported (Fig 2A;
Velikkakath et al, 2012) after confirming the suppression of auto-
phagic flux in Atg2a/2b-depleted cells (Appendix Fig S5A and B),
suggesting that autophagosomes are properly enclosed in INPPSE-
depleted neuronal cells. Next, we investigated whether INPPSE is
required for autophagosome-lysosome fusion. In siControl-treated
N1E-115 cells, approximately 35% of LC3 puncta colocalized with
the lysosome marker LAMPI1, whereas the colocalization rate
decreased to approximately 15% in INPP5E-depleted N1E-115 cells
(Fig 2B and C). In this experiment, autophagy was induced by
Torinl, and degradation of LC3 in autolysosomes was suppressed
by protease inhibitors (Fig 2B and C). The result clearly demon-
strates that autophagosome-lysosome fusion was inhibited in
INPP5SE-depleted cells. Recently, it has reported that INPPSE regu-
lates the transcriptional levels of aurora kinase A, which has an
important role in mitosis (Plotnikova et al, 2015). Thus, we investi-
gated the effect of INPPSE RNAi on the transcriptional level of
genes involved in this fusion step, such as syntaxin 17, SNAP29,
and VAMPS (Itakura et al, 2012; Takats et al, 2013). However, the
transcriptional level of such genes was not affected by INPPSE
knockdown (Appendix Fig S6), indicating that the suppression of

© 2016 The Authors



Junya Hasegawa et al

INPPSE regulates autophagosome-lysosome fusion

The EMBO Journal

AR
A B N
L 00
& QQ QQ
110 80 297 599 644 £ § §
NPPSE  PRD I
GAPDH  ss—
c N o\ D 25 1.6
X X
S & & = 14
fox > & 9 s 12
X i X 1
5 =2
BafA1 - + + - + Z 208
p62 ——-—-----J g’ S o6
_g- *% 8‘ *% .
LC3-|  mmmm— L5 *% < 04
2 <
LCB-ll e o o e < 0.2
GAPDH  e— A Ty 0
& % <
F &£ &£
N
2 =)
E F G
LC3 25
*%
5 20
“— = 6
g §/15 *k _.E
Q o)
3 @
3 10 <
- »
o
—
5
L % : v
[Te) Y 0
o iy & % £
[a L . OQ 9‘3(/ o(D(/
Z| %@ Q‘Z Q‘Z
= S S
o . A S
v ) )

siINPP5E

Figure 1. INPPSE, an essential factor for autophagy.

A Schematic diagram of human INPPSE. PRD, proline-rich domain; IPPc, inositol polyphosphate phosphatase domain.

B Levels of INPPSE protein 72 h after transfection of N1E-115 cells with control (siControl) or INPPSE-specific sSiRNAs (siINPPSE #1 or #2), as determined by
immunoblot.

C N1E-115 cells treated with siControl or siINPP5Es were cultured for 2 h in growth medium with or without 125 nM bafilomycin Al (BafAl) and then analyzed by
immunoblot using anti-p62, anti-LC3, and anti-GAPDH antibodies.

D Quantitation of protein signal intensities from immunoblots in (C) showing LC3-II (left) or p62 (right) levels, following normalization to the control protein GAPDH.
Because BafAl inhibits autophagosome-lysosome fusion and degradation within lysosomes via inhibition of vacuolar-type H*-ATPase, it is possible to measure
autophagic flux, that is, the degradation of autophagic substrates such as p62 and LC3-Il, by calculating the difference of the signal intensities of these proteins in the
presence and absence of Baf.Al. Results represent the mean + s.d. of three independent experiments. **P < 0.01.

E N1E-115 cells treated with siControl or siINPP5SEs were cultured in growth medium. Cells were fixed and stained with anti-LC3 antibodies and analyzed by
immunofluorescence microscopy. Scale bar, 10 um.

F Quantitation of the number of LC3 puncta per cell as described in (E) (mean + s.d.; n > 100 cells from three independent experiments). **P < 0.01.

G Electron micrographs in N1E-115 cells treated with siControl or siINPPSEs were cultured in growth medium. Arrowheads indicate autophagosomes.

Scale bar, 1 um.

Source data are available online for this figure.
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Figure 2. INPP5E functions in autophagosome-lysosome fusion.

A N1E-115 cells treated with siControl, siINPPSE, or siAtg2a/2b were cultured in growth medium. The postnuclear fraction (PNS) was separated into LSP, HSP, and HSS
fractions and then analyzed by immunoblots using anti-p62, anti-LC3, and anti-GAPDH antibodies. The subfractions were treated with proteinase K (Pro. K) with or
without Triton X-100. Quantitation of protein signal intensities from immunoblots showing LC3-II (left) or p62 (right) levels, following normalization to the control
protein GAPDH. Results represent the mean + s.d. of three independent experiments. **P < 0.01.

B NIE-115 cells stably expressing LAMP1-mCherry treated with siControl or siINPP5Es were cultured for 2 h in growth medium containing 200 nM Torinl with protease
inhibitors (10 pg/ml pepstatin A and 10 pg/ml E-64-d). Because the treatment of protease inhibitors inhibits lysosomal degradation, LC3 puncta persist even if
autophagosomes fuse with lysosomes. Cells were fixed and stained with anti-LC3 antibodies and then analyzed by immunofluorescence microscopy. Insets show the
boxed areas at high magnification. Scale bar, 10 pum.

C Percentages of colocalization of LC3 dots with LAMP1 dots (mean =+ s.d.; n > 20 cells from three independent experiments). **P < 0.01.

Source data are available online for this figure.
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fusion between autophagosomes and lysosomes observed in
INPPSE knockdown is not caused by transcriptional reduction of
the genes involved in fusion machinery. In addition, as shown
later, lysosomal degradation activity was not affected by INPPSE
knockdown.

Phosphatase activity and lysosomal localization of INPP5SE are
needed for autophagy

INPPSE is a 5-phosphatase that dephosphorylates PI(3,4,5)P;,
PI(3,5)P,, and PI(4,5)P, to PI(3,4)P,, PI(3)P, and PI(4)P in vitro.
The protein contains a proline-rich domain (PRD) at the N-terminus,
followed by an inositol polyphosphate phosphatase catalytic domain
(IPPc) and a CAAX motif (Fig 1A). To determine which domains
and/or motifs of INPPSE are required for autophagy in N1E-115
cells, we generated a set of deletion and point mutants, as shown in
Fig 3A. Suppression of autophagic flux by INPPSE knockdown was
efficiently rescued by stable expression of siRNA-resistant wild-type
and 295-644 constructs, but not by D477N (phosphatase-inactive
mutant) and ACAAX constructs (Fig 3B and C), suggesting that
phosphatase activity and the CAAX motif of INPP5E are necessary
for autophagy in N1E-115 cells.

CAAX motif provides membrane-anchoring ability to proteins.
Therefore, we sought to identify the membrane to which INPPSE is
recruited. Most mSt-INPPSE was diffusely distributed in the cyto-
plasm, but some of the protein was distributed in a faint punctate
pattern. These puncta were colocalized with LAMP1 (Fig 3D, upper
panel), suggesting that a fraction of INPPSE is localized to lyso-
somes. This localization pattern was not altered even under autop-
hagy induced condition in both MEFs and NIE-115 cells
(Appendix Fig S7A and B). Catalytically inactive variants of phos-
phatases such as MTMR14/Jumpy and MTMR3, which are thought
to behave as substrate-locked mutants, exhibit a punctate localiza-
tion, in contrast to the diffuse cytoplasmic localization of the
respective wild-type proteins (Vergne et al, 2009; Taguchi-Atarashi
et al, 2010). Hence, we also examined a catalytically inactive
mutant of INPPSE, D477N. In comparison with INPPSE (WT),
D477N was more prominently localized to lysosomes (Fig 3D,
middle panel). Therefore, we concluded that INPPSE associates
with the lysosomal membrane, perhaps transiently. Importantly,
INPPSE ACAAX, which lacks the ability to promote autophagy, was
not recruited to lysosomes (Fig 3D, bottom panel), suggesting that
the lysosomal localization of INPPSE is essential for autophagy.

INPPSE knockdown influences neither lysosomal integrity nor
fusion between endosomes and lysosomes

Given the localization of INPPSE in lysosomes, we investigated
whether lysosomal integrity is compromised in siINPPSE-treated
N1E-115 cells. By using LysoSensor, we assessed lysosomal pH in
INPPSE-depleted N1E-115 cells. INPPSE knockdown did not alter
the ratio of LysoSensor (Yellow/Blue) (Appendix Fig S8). The data
indicate that INPPSE is not essential to maintain the luminal acidity
of lysosomes. Moreover, the activity of each lysosomal glycosidase
was unchanged in between siControl- and siINPPSE-treated
N1E-115 cells (Appendix Fig S9).

Next, we examined the effect of INPPSE knockdown on
lysosomal degradation of the endocytosed cargos. DQ Red BSA is

© 2016 The Authors
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intramolecularly quenched under normal condition, but produces
bright fluorescence by enzyme-based hydrolysis under acidic condi-
tions (Settembre et al, 2013). If it is added to cultured cells, it is
endocytosed and delivered to lysosomes, where it becomes fluores-
cent. The intensity of the DQ-BSA signal colocalized with LAMP1
was not altered in either siControl- or siINPP5E-treated N1E-115
cells (Fig 4A and B). We also checked epidermal growth factor
(EGF) receptor (EGFR) degradation. Upon stimulation of the ligand,
EGFR on the cell surface is internalized and degraded in lysosomes
after transport along the endocytic pathway. As shown in Fig 4C
and quantitated in Fig 4D, in INPPSE-depleted N1E-115 cells, EGFR
degradation by EGF stimulation was not significantly affected,
whereas the depletion of CHMPS, which has an important role in
multivesicular body formation (Ward et al, 2005), clearly
suppressed EGFR degradation. Because both of the extracellular
cargos, DQ-BSA and EGF, were degraded almost normally in
INPPSE-depleted cells, we concluded that the effect of INPPSE
knockdown on autophagy is not due to a defect in lysosomal degra-
dation activity. In addition, these observations also revealed that
INPPSE is specific to lysosome—-autophagosome fusion, which is not
involved in lysosome—endosome fusion.

PI(3,5)P; localizes to lysosomes and is catalyzed by INPP5E

In vitro, INPPSE dephosphorylates PI(3,5)P,, PI(4,5)P,, and
PI(3,4,5)P; to generate PI(3)P, PI(4)P, and PI(3,4)P, (Sasaki et al,
2009). To identify the endogenous substrate of INPPSE in lyso-
somes, we examined the intracellular localization of each candidate
PI using protein probes. We observed that mSt-2xML1N, which
binds to PI(3,5)P,, was colocalized with LAMP1, but not LC3, as in
a previous study (Li et al, 2013), whereas mSt-2xPLC31-PH (a
PI(4,5)P, marker) was localized to the plasma membrane, but not
lysosomes (Fig 5A). Btk-PH, which binds specifically to PI(3,4,5)P;,
displayed diffuse localization in the cytosol (date not shown).
INPPSE knockdown increased the intensity of ML1N-positive puncta
colocalizing with lysosomes (Fig 5B and C). To validate the INPPSE-
dependent suppression of PI(3,5)P, level on lysosomes, we took
three independent approaches. First, we tested effect of the suppres-
sion of PIKfyve, a phosphoinositide kinase on the intensity of ML1N
on lysosomes, because PI(3,5)P, is generated from PI(3)P by the
enzymatic activity of PIKfyve (McCartney et al, 2014). The fluores-
cence intensity of mSt-2xMLIN on LAMP1 was almost suppressed
by PIKfyve knockdown as well as treatment of YM201636, a potent
inhibitor of PIKfyve (Appendix Fig S10A and B) (Jefferies et al,
2008), suggesting that we could actually observe PI(3,5)P, by mSt-
2xMLIN. Next, we performed the rescue experiment. The PI(3,5)P,
increment by INPP5SE knockdown was restored by the expression of
siRNA-resistant wild type, but not by D477N (phosphatase-dead
mutant) (Fig 5D). Moreover, we observed the 5-phosphatase activ-
ity of INPPSE against PI(3,5)P, in vitro (Appendix Fig S11). These
results demonstrate that lysosomal PI(3,5)P, level is suppressed by
INPPSE.

If INPPSE dephosphorylates PI(3,5)P, on lysosomes, PI(3)P, a
product of the reaction should decrease in INPPSE-depleted cells.
Indeed, the intensity of mCherry-2xFYVE, a well-known PI(3)P
probe, colocalizing with LAMP1 significantly decreased in INPPSE-
depleted cells (Fig S5E and F). On the other hand, the number and
localization of PI(3)P effector WIPI2 on the LC3-positive
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Figure 3. Phosphatase activity and lysosomal localization of INPPSE are needed for autophagy.

A Schematic diagram of human INPPSE and mutants used in this study. D477N, phosphatase-inactive mutant.

B N1E-115 cells stably expressing mSt-INPPSE (WT, D477N, ACAAX, or 295-644) treated with siControl or siINPPSE were cultured in growth medium with or without
125 nM BafAl for 2 h and then analyzed by immunoblot using anti-LC3 and anti-GAPDH antibodies. The mSt-INPP5Es used in this study were resistant to mouse
siINPPSE because target sequence of the siRNA is different from the human correspondent sequence.

C Quantitation of protein signal intensities from immunoblots in (B), showing differences in LC3-II levels in the presence and absence of Baf.Al following normalization
to the control protein GAPDH. Results represent means + s.d. of three independent experiments. **P < 0.01; *P < 0.05.

D NIE-115 cells stably expressing mSt-INPPSE (WT, D477N, or ACAAX) were cultured in growth medium. Cells were fixed and stained with anti-LAMP1 antibodies and
then analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. The number showing to the right side indicates the
colocalization rate of LAMP1 with mSt-INPPSE. Scale bar, 10 um.

Source data are available online for this figure.
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Figure 4. INPP5E knockdown influences neither lysosomal integrity nor fusion between endosomes and lysosomes.

A N1E-115 cells treated with siControl or silNPP5Es were cultured in growth medium with 20 ug/ml DQ-BSA for 12 h and chased for 2 h. Cells were fixed and stained
with anti-LAMP1 antibodies and analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 um.

B Quantitation of signal intensities in (A) showing colocalization of DQ-BSA with LAMP1 (means + s.d.; n > 50 cells from three independent experiments). Baf.Al was
used as a control for inhibition of delivery and degradation of DQ-BSA via the endocytic pathway. **P < 0.01; n.s,, non-significant.

C N1E-115 cells treated with siControl, siINPP5Es, or siCHMPS were stimulated with 100 ng/ml EGF for the indicated time periods and then analyzed by immunoblot
using anti-EGFR and anti-a-tubulin antibodies. Levels of CHMP5 mRNA 72 h after transfection of N1E-115 cells with siControl or sSiCHMP5 as analyzed by RT-PCR.

D Quantitation of EGFR degradation ratio in (C). Results represent means =+ s.d. of three independent experiments. **P < 0.01.

Source data are available online for this figure.

autophagosomes were not changed (data not shown), suggesting
that INPPSE is not involved in control of autophagosomal PI(3)P
level. In addition, the intensity of OSBP-PH-mCherry, which binds
specifically to PI(4)P, was unchanged in between siControl- and
siINPP5E-treated cells (Appendix Fig S12A and B). On the basis of
these findings, we suggest that dephosphorylation of PI(3,5)P, on
lysosomes by INPPSE is necessary for fusion between autophago-
somes and lysosomes.

We also examined the effect of depletion of PIKfyve on the
fusion defect in INPPSE-depleted cells. Interestingly, double knock-
down of PIKfyve and INPPSE abolished PI(3,5)P, staining of lyso-
somes (Appendix Fig S13A), suggesting that effect of PIKfyve

© 2016 The Authors

depletion is stronger and dominant to INPPSE depletion. Since
LC3 dots were accumulated in the double KD cells, autophagy
seemed to be compromised after formation of autophagosomes
(Appendix Fig S13B). This result consists with the previous study
demonstrating that treatment of cells with PIKfyve inhibitor causes
defect in autophagy, which is possibly due to suppression of
degradation of autophagosomal contents in autolysosomes by loss
of lysosomal activity (de Lartigue et al, 2009). Therefore, both
excess and less PI(3,5)P, level on lysosomes hamper autophagy
at late stages (fusion or lysosomal degradation), that is, the opti-
mal level of lysosomal PI(3,5)P, (or PI(3)P) is essential to the
process.
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Figure 5. PI(3,5)P, is localized to lysosomes and catalyzed by INPP5E.
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A NIE-115 cells stably expressing mSt-2xML1N or -2xPLC81 PH were cultured in growth medium with or without 200 nM Torin1. Cells were fixed and stained with
anti-LAMP1 or anti-LC3 antibodies and then analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 um.

B NIE-115 cells stably expressing mSt-2xML1N treated with siControl or silNPP5Es were cultured in growth medium. Cells were fixed and stained with anti-LAMP1
antibodies and then analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 pm.

C Quantitation of signal intensities in (B) showing mSt-2xMLIN colocalizing with LAMP1 (means + s.d.; n > 100 cells from three independent experiments). **P < 0.01;

*P < 0.05.

D N1E-115 cells stably expressing GFP-2xMLIN treated with siControl or siINPPSE were transiently transfected with mSt-INPPSE (WT, D477N). Quantitation of signal
intensities showing GFP-2xML1N colocalizing with LAMP1 (means + s.d.; n > 20 cells from three independent experiments). **P < 0.01; *P < 0.05.

E NIE-115 cells stably expressing mCherry-2xFYVE treated with siControl or siINPPSEs were cultured in growth medium. Cells were fixed and stained with anti-LAMP1
antibodies and then analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 pum.

F Quantitation of signal intensities in (E) showing mCherry-2xFYVE colocalizing with LAMP1 (means + s.d.; n > 100 cells from three independent experiments).

**P < 0.01.

INPP5E enhances actin polymerization on lysosomes through
cortactin activation, followed by autophagosome-—
lysosome fusion

If INPP5E-mediated downregulation of PI(3,5)P, level or upregula-
tion of PI(3)P level on lysosomes is required for autophagosome—
lysosome fusion, what is the underlying mechanism? Hong et al
(2015) recently reported that PI(3,5)P, controls the endosomal
actin dynamics by regulating cortactin—actin interactions. They
show that PI(3,5)P, binds to actin filament-binding region of
cortactin, causing release of actin filaments from the Rab7-positive
late endosomes. Therefore, they propose that decrease in PI(3,5)P,
level promotes stabilization of actin filaments on endosomes. In
addition, Lee et al demonstrated that cortactin knockdown inhibits
autophagosome-lysosome fusion (Lee et al, 2010). They and other
group also showed that the inhibition of actin polymerization
suppresses the fusion as well (Lee et al, 2010; Zhuo et al, 2013).
Given these results, we envisaged that cortactin and actin fila-
ments also exist on lysosomes and decrease in lysosomal PI(3,5)P,
by INPPSE enhances cortactin-dependent actin filament stabiliza-
tion on lysosome, followed by fusion between autophagosome and
lysosome.

We firstly confirmed colocalization of F-actin representing actin
filament with LAMP1 (Fig 6A). Furthermore, as predicted, INPPSE
knockdown decreased the intensity of F-actin on lysosomes to 40%
compared to control cells (Fig 6A). Next, we detected cortactin on
lysosomes. While INPPSE knockdown did not affect the amount of
total lysosomal cortactin (Appendix Fig S14A), we found cortactin
activation by INPPSE. The activity of cortactin is known to be regu-
lated by its phosphorylation (Oser et al, 2010). Tyr421 and Tyr466
phosphorylations activate cortactin. We found that phosphorylated

Figure 6.

(activated) cortactin localized to lysosome by using the
anti-phospho-Tyr421 or Tyr466 cortactin antibodies. INPPSE knock-
down apparently reduces both Tyr421 (Fig 6B) and Tyr466
(Appendix Fig S14B) phosphorylated cortactin intensity on lysosome
(c. 60% reduction). Finally, we demonstrated that treatment of cells
with latrunculin A (Lat A), an inhibitor of actin polymerization,
showed the accumulation of LC3 dots (Fig 6C) and the reduction in
the colocalization rate between LC3 and LAMP1 (Fig 6D), indicating
that actin polymerization is required for autophagosome-lysosome
fusion as reported previously.

Taken together, it is very likely that suppression of PI(3,5)P,
level on lysosome by INPP5E-dependent conversion of PI(3,5)P, to
PI(3)P stabilizes actin filaments on the organelle, followed by the
autophagosome-lysosome fusion.

Joubert syndrome-associated INPPSE mutations
compromise autophagy

INPPSE is one of the genes in which mutations are responsible for
Joubert syndrome (Bielas et al, 2009). The syndrome is a congeni-
tal cerebellar ataxia characterized by dysplasia of the cerebellum
and brainstem (Romani et al, 2013). Patients with the syndrome
exhibit several symptoms including hypotonia, abnormal eye and
tongue movements, tachypnea, and sleep apnea. Although Joubert
syndrome is thought to be a ciliopathy, the development of this
disease remains poorly understood. On the basis of the findings in
this paper, we sought to test the possibility that mutations in
INPPSE present in Joubert syndrome patients hamper autophagy.
Disease-causing mutations in INPPSE are contained within IPPc
(Fig 7A), and they decrease phosphatase activity of INPPSE
in vitro (Bielas et al, 2009). To determine the effect of these

INPP5E enhances actin polymerization on lysosomes through cortactin activation.

A N1E-115 cells treated with siControl or siNPP5Es were cultured in growth medium. Cells were fixed and stained with anti-LAMP1 antibodies and phalloidin and then
analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 pm. Quantitation of signal intensities showing
phalloidin colocalizing with LAMP1 (means + s.d.; n > 40 cells from three independent experiments). **P < 0.01.

B N1E-115 cells treated with siControl or siINPP5SEs were cultured in growth medium. Cells were fixed and stained with anti-phospho-Y421 cortactin and anti-LAMP1
antibodies and then analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 pm. Quantitation of signal
intensities showing cortactin (pY421) colocalizing with LAMP1 (means =+ s.d.; n > 40 cells from three independent experiments). **P < 0.01.

C N1E-115 cells were treated with 0.5 uM latrunculin A (Lat A) in growth medium for 6 h. Cells were fixed and stained with anti-LC3 antibodies and then analyzed by
immunofluorescence microscopy. Scale bar, 10 pm. Quantitation of the number of LC3 puncta per cell (mean =+ s.d.; n > 100 cells from three independent

experiments). **P < 0.01.

D NIE-115 cells stably expressing LAMP1-mCherry were treated with DMSO or 0.5 uM Lat A in growth medium for 4 h, subsequently cultured with 200 nM Torinl and
protease inhibitors (10 pg/ml pepstatin A and 10 pg/ml E-64-d) for 2 h (Lat A treatment for total 6 h). Cells were fixed and stained with anti-LC3 antibodies and then
analyzed by immunofluorescence microscopy. Insets show the boxed areas at high magnification. Scale bar, 10 pm. Percentages of colocalization of LC3 dots with
LAMP1 dots (mean =+ s.d.; n > 20 cells from three independent experiments). **P < 0.01.

© 2016 The Authors
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Figure 7. Joubert syndrome-associated INPP5E mutations compromise

autophagy.

A Joubert syndrome-associated INPPSE mutations (Bielas et al, 2009) used in
this study.

B N1E-115 cells stably expressing the indicated mutants treated with
siControl or siINPPSE were cultured in growth medium with or without
125 nM BafAl for 2 h and analyzed by immunoblot using anti-LC3 and
anti-GAPDH antibodies. The mutants were resistant to mouse silNPPSE
because target sequence of the siRNA is different from the human
correspondent sequence.

C Quantitation of protein signal intensities from immunoblots in (B) showing
differences in LC3-1I levels in the presence and absence of BafAl following
normalization to the control protein GAPDH. Results represent
means =+ s.d. of three independent experiments. **P < 0.01; *P < 0.05.

Source data are available online for this figure.

mutations on autophagy, we performed rescue experiments in
INPP5SE-depleted cells stably expressing the corresponding siRNA-
resistant mutants of mSt-INPPSE. The results clearly demonstrated

© 2016 The Authors
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that none of the mutants could rescue the defect in autophagic
flux in INPPSE-depleted cells (Fig 7B and C). In vitro phosphatase
activity was strongly inhibited in the R435Q, R512/515W, and
KS80E mutants, but only mildly suppressed in the R378C and
R563H mutants (Bielas et al, 2009). Accordingly, N1E-115 cells
expressing the R435Q, R512/515W, or K580E mutant exhibited
strong inhibition of autophagy relative to cells expressing R378C
or R563H, suggesting that there is a correlation between the loss
of enzymatic activity and the degree of the defect in autophagy.
Therefore, a defect in autophagy could be a cause of Joubert
syndrome.

Discussion

In this study, we identified the novel autophagy regulator INPPSE,
inositol polyphosphate 5-phosphatase. INPPSE localizes to lyso-
somes and promotes autophagosome-lysosome fusion, but is not
involved in lysosomal degradation and the endocytic trafficking.
Our findings provide new mechanistic insights into a later auto-
phagic process, which remains poorly understood in contrast to the
process of autophagosome formation. We propose a cascade of reac-
tions that regulates the fusion process; (i) INPPSE catalyzes
PI(3,5)P, to PI(3)P on lysosomes, (ii) the resulted decrease in lyso-
somal PI(3,5)P, level promotes activation of cortactin on lysosomes
and their binding to actin filament, (iii) activated cortactin stabilizes
actin filaments on lysosomes, which is required for autophagosome-—
lysosome fusion. Intriguingly, PI(3)P binds to Wiskott-Aldrich
syndrome protein and Scar homologue (WASH) complex (Jia et al,
2010). Since WASH complex is known to promote actin polymeriza-
tion through Arp2/3 complex activation, both decrease in PI(3,5)P,
and increase in PI(3)P by INPPSE possibly contribute the fusion
process via actin polymerization.

Mi et al (2015) have recently reported that actin polymeriza-
tion is required for the autophagosomal membrane shaping. They
found CapZ, an actin-capping protein, localizes to both isolation
membranes and autophagosomes and regulates the formation of
autophagosomes. In the meanwhile, we and other groups have
shown that actin polymerization is important in autophagosome-—
lysosome fusion (Lee et al, 2010; Zhuo et al, 2013). Therefore,
actin plays pivotal roles in different steps in autophagy. A
remaining question is how actin filaments promote the fusion
process.

Reduction in the level of PI(3)P is important in autophagosome-—
vacuole fusion in yeast (Cebollero et al, 2012). Deletion of YMRI,
the yeast gene that encodes PI(3)P phosphatase, inhibited the
fusion of autophagosomes with vacuoles, which are the equivalent
of lysosomes in yeast. In this case, however, PI(3)P was accumu-
lated not in vacuoles but in autophagosomes, thereby inhibiting
release of Atg proteins from the autophagosomal membrane.
Therefore, PI(3)P removal from autophagosomes is essential for
fusion with vacuoles. By contrast, our study shows that increase in
PI(3)P (or decrease in PI(3,5)P,) in lysosomes is required for
fusion.

This and the previous study (de Lartigue et al, 2009; Martin et al,
2013) showed that severe reduction in lysosomal PI(3,5)P, level by
depletion of PIKfyve impaired lysosomal integrity and degradation
of autophagosomal contents. Consistent with this, neurons and
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astrocytes from Fig4-deficient mice, which contain significantly
reduced levels of PI(3,5)P,, exhibit accumulation of LC3-II and p62,
indicating that a reduction in PI(3,5)P, causes autophagic defects in
the brain (Ferguson et al, 2009). On the other hand, we found here
that increase in PI(3,5)P, by INPPSE depletion inhibits fusion
between autophagosome and lysosomes. Presumably, there is a
“optimal window” of the amount of PI(3,5)P, on lysosomes to
proceed autophagy.

INPPSE is reportedly also localized to primary cilia. Kidney
cells and MEFs from INPPSE-depleted mice exhibit normal cilia
biogenesis, although the resultant cilia are short and unstable
(Jacoby et al, 2009). It has been also reported the accumulation
of PI(4,5)P, at cilia by INPPSE knockdown, resulting in the
suppression of cilia-mediated Hedgehog signaling with the pheno-
type that cilia length is slightly decreased (Chavez et al, 2015;
Garcia-Gonzalo et al, 2015). Moreover, a recent study showed that
disruption of IFT20, which is essential for ciliogenesis, decreased
autophagic activity (Pampliega et al, 2013). The inhibition
occurred not at autophagosome-lysosome fusion but autophago-
some formation. In our case, ciliogenesis was not observed in
N1E-115 cells under ciliated condition even without INPPSE
knockdown (data not shown). Although this may imply that
INPPSE can function in autophagosome-lysosome fusion without
ciliogenesis, future works are needed to elucidate the exact
relationship between role of INPPSE in ciliogenesis and in
autophagosome-lysosome fusion.

The present study not only adds a new item to the list of biologi-
cal functions of PIs but also illuminated that the INPPSE mutations
in patients with Joubert syndrome cause defects in autophagy. This
observation suggests that a neuronal autophagic defect may be
involved in the development of this disease; thus, we may have
discovered a new genetic autophagic or lysosomal disease. In mice,
a strong defect in autophagy causes death shortly after birth (Kuma
et al, 2004; Komatsu et al, 2005). Cells expressing INPPSE mutations
associated with Joubert syndrome exhibited a mild reduction in
autophagic flux, allowing the patients to be born alive but with
abnormalities in brain development. Another study suggested that
autophagy triggers cilia formation (Tang et al, 2013), in contrast to
the aforementioned linkage between autophagy and cilia. Because a
variety of genes responsible for Joubert syndrome, including
INPPSE, are involved in ciliogenesis (Romani et al, 2013), the
autophagic defect may cause disease also via a disturbance in cilia
formation.

Our findings open new avenues for further understanding the
autophagic machinery, which is essential for cellular homeostasis,
and suggest a novel strategy for treating Joubert syndrome.

Materials and Methods

Reagents and antibodies

The following antibodies were used: rabbit anti-p62 (MBL; PM045),
rabbit anti-LC3 (MBL; PM036), mouse anti-LC3 (MBL; M152-3),
mouse anti-cortactin (p80/85) (Millipore; clone 4F11), mouse anti-
GAPDH (Chemicon; MAb314), mouse anti-o-tubulin (Sigma-Aldrich;
B5-1-2), rat anti-LAMP1 (BioLegend; 121601), rabbit anti-INPPSE
(St. John’s Laboratory), and mouse anti-EGFR (MBL; MI-12-1).
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Rabbit anti-phospho cortactin (Tyr421, Tyr466) antibodies were
kindly provided by T. Itoh (Kobe University, Hyogo, Japan). All
fluorescent reagents (Alexa Fluor 488, 568, 647-conjugated goat anti-
rabbit, anti-mouse, or anti-rat secondary antibodies) were purchased
from Invitrogen. Rhodamine phalloidin (PHDR1) was from
Cytoskeleton, Inc. DQ™ Red BSA and LysoSensor Yellow/Blue DND-
160 were from Invitrogen. Recombinant human EGF was from Invit-
rogen. Wortmannin was from Sigma-Aldrich. Torinl was
from WAKO. Bafilomycin A1, YM-201636, and latrunculin A were
from Cayman Chemical. Proteinase K was from Novagen. Pepstatin
A and E-64-d were from Peptide Institute, INC. PI(4,5)P, and
PI(3,5)P, were from CellSignals. Phosphatidylserine was from Avanti.

Plasmids

The pMRX-IRES-puro and pMRX-IRES-bsr vectors were Kkindly
provided by S. Yamaoka (Tokyo Medical and Dental University,
Tokyo, Japan). Human INPPSE full-length sequence was amplified
with specific primers (5'-gcggatccggatgcegtccaaggeggag-3' and 5'-
gcctcgagtcaagaaacggagceagatgg-3') using HeLa cDNA and cloned into
pMRX-mStrawberry (mSt) and pCMV-Tag2B vectors. Various
human INPPSE mutants (ACAAX, 1-300, 295-644, and D477N) and
the Joubert syndrome-associated mutants (R378C, R435Q, R512/
515W, R563H, and K580E) (Bielas et al, 2009) were cloned into the
PMRX-mSt and pCMV-Tag2B vectors. In addition, pMRX constructs
were generated to encode GFP-Atg5, GFP-LC3 (Fujita et al, 2013),
tandem fluorescent-tagged LC3 (tfLC3) (Kimura et al, 2007) LAMP1-
mCherry, mCherry-2xFYVE, OSBP-PH-mCherry, mSt-2xPLC 61 PH
(Hasegawa et al, 2011), GFP-2xMLIN, and mSt-2xMLIN (Li et al,
2013). Recombinant retroviruses were prepared as previously
described (Saitoh et al, 2003).

Cell culture and retroviral infections

Plat-E cells were provided by T. Kitamura (The University of Tokyo,
Tokyo, Japan). HeLa cells, MEFs, HEK293A cells, and N1E-115 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 5 U/ml peni-
cillin, and 50 U/ml streptomycin in a 5% CO, incubator at 37°C.
Stable transformants were selected in growth medium with 1 pg/ml
puromycin or 5 pg/ml blasticidin (Invitrogen).

RNA interference

For knockdown of various human phosphoinositide phosphatases,
validated siRNAs were purchased from Invitrogen. For knockdown
of mouse INPPSE, PIKfyve, Atg2a, Atg2b, and CHMPS, siRNA
duplex oligomers were designed (Nippon EGT) as follows:

siINPPSE #1: UGAGAUUUGCCUUAGUUUG;
siINPPSE #2: AUAAACAGGGACAUGUACA;
siPIKfyve: UUACAAAAGAACUAUAUGC;
siAtg2a: AGAAACUUGUUGAUCUUGG;
siAtg2b: UUUAAUUCCAUCUGAAUUC;
siCHMP5: CCCAACAGUCCUUUAACAU.

Control siRNA (siControl) was obtained from Nippon EGT.
siRNAs (final concentration 20 nM) were transfected into HeLa,

© 2016 The Authors
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MEFs, or NI1E-115 cells with Lipofectamine RNAIMAX (Invitro-
gen) according to the manufacturer’s instructions, and the expres-
sion levels were assessed after 72 h by Western blotting or
RT-PCR.

Proteinase K protection assay

The subcellular fractionation (PNS; postnuclear supernatant, LSP;
low-speed pellet, HSP; high-speed pellet, HSS; high-speed super-
natant) was performed as described previously (Velikkakath et al,
2012). In brief, each fraction of LSP and HSP was treated with
100 pg/ml proteinase K on ice with or without 0.5% Triton X-100
for 30 min. The fraction samples were precipitated with 10%
trichloroacetic acid, washed with ice-cold acetone three times,
resuspended in sample buffer including 3 M urea, and then
subjected to SDS-PAGE.

Western blotting

Samples were subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Millipore). The transferred
membranes were blocked with TBS-T (0.1% Tween-20 and TBS)
containing 1% skim milk (Nacalai Tesque) for 30 min and were
then incubated overnight at 4°C with primary antibodies.
Membranes were washed three times for 10 min with TBS-T and
incubated for 1 h at room temperature (RT) with HRP-conjugated
secondary antibodies (GE Healthcare). The protein bands were
visualized by enhanced chemiluminescence using a LAS-3000
(Fujifilm).

Endocytosis assay

To analyze DQ-BSA assay, N1E-115 cells were incubated with
20 pg/ml DQ™ Red BSA in DMEM containing 10% FBS for 12 h at
37°C. After washing with PBS three times, cells were chased in
DMEM containing 10% FBS for 2 h, and then fixed and stained
with anti-LAMP1 antibody. To analyze epidermal growth factor
(EGF) receptor degradation, N1E-115 cells were cultured in growth
medium, washed with PBS, and incubated in serum-free medium
for 4 h. EGF receptor (EGFR) endocytosis was stimulated by
adding 100 ng/ml EGF in serum-free medium. At 1, 2, and 3 h
after EGF stimulation, the cells were lysed and subjected to
Western blotting.

Lysosomal enzyme activity

Activities of lysosomal acid hydrolases were measured using
4-methylumbelliferyl (4-MU) substrates (Otomo et al, 2011). Cell
lysates were prepared by sonication in water and determined
protein concentration by Bradford protein assay kit (Bio-Rad)
according to manufacturer’s protocol. Small aliquots of cell lysates
were incubated with each of the artificial 4-MU substrates in a reac-
tion volume of 20 ul (Sigma; M1633, M3633, M3567, M8527,
M9766, M7633, M9130) in acidic acetate buffer or citrate—-phosphate
buffer for 1 h at 37°C on 96-well plates. The reaction was stopped
by adding 200 pl glycine-NaOH buffer (0.2 M glycine, 0.2 M
NaOH), and fluorescence of Em 450 nm/Ex 365 nm was measured
with a microplate reader (TECAN, Infinite 200 PRO). At the same
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time, 4-MU standard was also measured in the same buffer, and
enzyme activities were calculated as nmol/protein mg/h.

Malachite green assay

FLAG-tagged INPPSE (WT or D477N) was transfected into HEK293A
cells with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. After 24 h, FLAG-INPPSE proteins were
precipitated with ANTI-FLAG M2 agarose gel (Sigma). Hydrolysis of
PI(4,5)P, and PI(3,5)P, was measured by adding each phosphoinosi-
tide (final 25 uM) and phosphatidylserine (final 0.5 mM) in buffer
(50 mM HEPES, pH 7.5, 2 mM MgCl,, 5 mM DTT) to the immuno-
precipitates at 37°C for 30 min and followed by Biomol Green (Enzo
Life Sciences) for additional 10 min. Released inorganic phosphate
was measured at 630 nm.

Immunofluorescence microscopy

Cells were fixed with 4% PFA in PBS for 15 min at RT and then
were permeabilized with 50 pg/ml digitonin in PBS containing
0.1% gelatin (WAKO) for 5 min at RT, washed three times with
PBS, and blocked with PBS containing 0.1% gelatin for 30 min at
RT. Cells were incubated with primary antibodies in PBS containing
0.1% gelatin for 60 min. After three washes with PBS, cells were
incubated with the appropriate secondary antibodies in PBS contain-
ing 0.1% gelatin for 50 min. After a brief wash with PBS, coverslips
were mounted onto slides using PermaFluor mountant medium
(Thermo Fisher Scientific) and observed under a FluoView 1000-D
confocal microscope equipped with 63x/NA 1.40 oil immersion
objective lens (Olympus), or a Delta Vision microscopic system
equipped with 60x/NA 1.42 oil immersion objective lens (Applied
Precision). Delta Vision SoftWoRx software was used to deconvolve
the images.

Electron microscopy

N1E-115 cells were grown on carbon-coated sapphire disks in 35-
mm dishes to 60-80% confluency. Cells were cryo-immobilization
by HPF with a high pressure freezing machine (HPM 100; Leica).
Samples were further processed by freeze substitution (FS) and
embedding in a temperature-controlling device (model AFS2;
Leica). FS occurred at —90°C for 5 h with 0.1% (wt/vol) uranyl
acetate in glass-distilled acetone. The temperature was then raised
to —50°C (15°C/h), and samples were washed with acetone and
infiltrated with increasing concentrations (25, 50, and 75%; 2 h
each) of Lowicryl in acetone. About 100% Lowicryl was
exchanged three times in 3-h steps and samples were UV poly-
merized at —50°C for 48 h, after which the temperature was
raised to 20°C (5°C/h) and UV polymerization continued for 48 h.
Seventy-nanometer sections were cut with a microtome (Ultracut
UCT; Leica) and a diamond knife and picked up on carbon-coated
200-mesh copper grids. Sections were observed using JEOL
(JEM-1011).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells using RNeasy Plus Mini Kit
(QIAGEN) according to the manufacturer’s protocol. Total RNA was
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reverse-transcribed using Transcriptor First Strand cDNA Synthesis
Kit (Roche). Semi-quantitative RT-PCR analysis was performed
using following primers:

mouse and human INPPSE: forward (fw) 5’-acgcatcgtgtctcagat
caagac-3’ and reverse (rv) 5'-ggacagatgtcacccttgtg-3';

mouse and human B-actin: fw 5'-gctccggeatgtgcaa-3’ and rv 5'-agg
atcttcatgaggtagt-3’;

mouse PIKfyve: fw 5-aaggctcatgtcttectetgtg-3’ and rv 5'-gggattg
tagctgtttcetgga-3’;

mouse Atg2a: fw 5'-gtctccaaagctctgaatceca-3’ and rv 5'-caccagtgtgga
gaaggtactc-3';

mouse Atg2b: fw 5'-atattgaccaggacgccttgtt-3’ and rv 5'-catacc
aagtccttcaggectt-3';

mouse CHMPS: fw 5'-ggatagcagggcagaatccatt-3' and rv 5'-gtccaaatt
catccaccagcac-3'.

Quantitative real-time PCRs were performed using a Power SYBR
Green PCR Master Mix (ABI) and a QuantStudio 7 Flex Real-Time
PCR system (ABI). The primer sequences used in this method are as
follows:

mouse Atg7: fw 5'-tccgttgaagtectetgett-3' and rv 5'-ccactgaggttcac
catcct-3';

mouse LC3b: fw 5'-acaaagagtggaagatgtccggcet-3/
caagcgccgtctgattatcttg-3';

mouse SNAP-29: fw 5'-cccattgacaggcagcagta-3’ and rv 5'-gttctag
gactcctegetge-3';

mouse VAMP-8: fw 5'-gacttggaagccacgtctga-3’ and rv 5'-gggatggtacc
agtggcaaa-3/;

mouse syntaxin 17: fw 5'-actgcgctccaatatccgag-3’ and 1v 5'-gg
aactctgcegtagetgtt-3';

mouse B-actin: fw 5'-ggctgtattccectecateg-3’ and rv 5'-ccagttggtaa
caatgccatgt-3'.

and rv 5'-tg

Differences between samples were calculated using the AAC,
method.

Statistical analysis

Statistically significant differences were determined using the
Student’s t-test. Differences were considered significant if P < 0.05.

Expanded View for this article is available online.
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