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BASIC RESEARCH PAPER

MTORC1-mediated NRBF2 phosphorylation functions as a switch for the class III
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ABSTRACT
NRBF2/Atg38 has been identified as the fifth subunit of the macroautophagic/autophagic class III
phosphatidylinositol 3-kinase (PtdIns3K) complex, along with ATG14/Barkor, BECN1/Vps30, PIK3R4/p150/
Vps15 and PIK3C3/Vps34. However, its functional mechanism and regulation are not fully understood.
Here, we report that NRBF2 is a fine tuning regulator of PtdIns3K controlled by phosphorylation. Human
NRBF2 is phosphorylated by MTORC1 at S113 and S120. Upon nutrient starvation or MTORC1 inhibition,
NRBF2 phosphorylation is diminished. Phosphorylated NRBF2 preferentially interacts with PIK3C3/
PIK3R4. Suppression of NRBF2 phosphorylation by MTORC1 inhibition alters its binding preference from
PIK3C3/PIK3R4 to ATG14/BECN1, leading to increased autophagic PtdIns3K complex assembly, as well as
enhancement of ULK1 protein complex association. Consequently, NRBF2 in its unphosphorylated form
promotes PtdIns3K lipid kinase activity and autophagy flux, whereas its phosphorylated form blocks them.
This study reveals NRBF2 as a critical molecular switch of PtdIns3K and autophagy activation, and its on/off
state is precisely controlled by MTORC1 through phosphorylation.

KEYWORDS
ATG14; autophagy; BECN1;
MTORC1; NRBF2;
phosphorylation; PI3KC3;
PIK3C3

Introduction

Autophagy is a highly regulated cellular degradation system
that engulfs cytosol, organelles, protein aggregates and invading
microorganisms into a double-membrane compartment termed
the phagophore that matures into an autophagosome; the latter
delivers the cargo to lysosomes for degradation.1,2 Dysfunction
of autophagy has been implicated in a broad spectrum of
human diseases including cancers, neurodegeneration, infec-
tious diseases, metabolic diseases, and aging.3-6

The class III phosphatidylinositol 3-kinase (PtdIns3K) complex
plays a key role in autophagy activation by producing phosphatidy-
linositol-3-phosphate (PtdIns3P) on phagophores.7-9 Several
groups have purified the PtdIns3K complex in mammalian cells,
which contains at least 7 stoichiometric subunits including
PIK3C3, PIK3R4, BECN1, ATG14/ATG14L/Barkor, UVRAG,
RUBCN/rubicon and NRBF2.10-21 These 7 subunits form 2 mutu-
ally exclusive subcomplexes in which PIK3C3, PIK3R4 and
BECN1 are shared. ATG14 forms an autophagy-specific complex
with PIK3C3-PIK3R4-BECN1 on phagophore membranes (simi-
lar to complex I in yeast),12-15 whereas the UVRAG and RUBCN
complex with PIK3C3-PIK3R4-BECN1 is present on endosomal
membranes (similar to complex II in yeast).10-12,16 NRBF2, and its

yeast counterpart Atg38, was recently identified as the fifth subunit
of the autophagic PtdIns3K complex (complex I).13,18-21 Deletion
of Nrbf2 in mice or ATG38 in yeast shows a partial autophagy
defect, probably due to a function of NRBF2/Atg38 in bridging the
interaction between the PIK3C3-PIK3R4 andATG14-BECN1 sub-
complexes.18,20 Interestingly, a suppressive role of NRBF2 in auto-
phagy has also been suggested.21 Therefore, the precise function of
NRBF2 remains elusive.

The serine/threonine protein kinase MTOR (mechanistic target
of rapamycin) forms a multiprotein complex termed MTORC1
that negatively regulates autophagy.22-25 Amino acid starvation or
addition of kinase inhibitors such as rapamycin or Torin 1 sup-
presses its kinase activity and robustly activates autophagy. To
date, only a fewMTORC1 substrates in autophagy have been iden-
tified.MTORC1 phosphorylates ULK1 (unc51-like autophagy acti-
vating kinase 1), an upstream kinase in autophagy,26-29 and this
phosphorylation acts counter to ULK1 activation by AMP-activat-
ing kinase (AMPK).24 MTORC1 also phosphorylates ATG13,27-30

ATG14,31 and AMBRA132 to regulate autophagy activation. In
addition, MTORC1 phosphorylates UVRAG to negatively regulate
the late stage of autophagosome-endosome maturation.33

Although a link between MTORC1 and the autophagy essential
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PtdIns3K complex has been proposed previously,7 the molecular
connection between these 2 key enzymatic activities has not been
firmly established. Here, we report the identification of NRBF2 as a
substrate of MTORC1. MTORC1-mediated NRBF2 phosphoryla-
tion functions as a critical molecular switch for PtdIns3K and auto-
phagy activation.

Results

Identification of NRBF2 as a stoichiometric component of
PtdIns3K

NRBF2, and its yeast counterpart Atg38, was reported as the fifth
subunit of the autophagic PtdIns3K complex (complex I in
yeast).18-21 Consistent with this notion, we found that NRBF2 pre-
dominately associates with PIK3C3, PIK3R4, BECN1 and ATG14
in the cellular complex isolated by tandem affinity purification
from human osteosarcoma U2OS cells (Fig. 1A). We have further
analyzed binding regions mediating the interaction between
NRBF2 and ATG14 by deletion mapping. The minimum binding
regions has been narrowed down to amino acids (aa) 343–392 in
ATG14 and aa 52–107 in NRBF2 (Fig. 1B–C), which is different
from a previous report.18,20

NRBF2 is phosphorylated at S113 and S120

Mass spectrometry analysis identified human NRBF2 as a phos-
pho-protein, mainly at serine 113 and serine 120 (Fig. 1D–E).
S113 is evolutionarily conserved among vertebrates and S120 is
less conserved (Fig. 2A). In nutrient-rich wide-type (WT) human
(U2OS) cells or mouse embryonic fibroblasts (MEFs), endoge-
nous NRBF2 exists as a doublet on western blots. The slower
migrating band shifted down upon calf-intestinal phosphatase
(CIP) treatment (Fig. 2B), confirming that either human or
mouse NRBF2 is a phospho-protein. Both human and mouse
endogenous NRBF2 phosphorylation were inhibited by amino
acid starvation (Earle’s balanced salt solution; EBSS) orMTORC1
inhibition (rapamycin treatment) (Fig. 2B).We generated a rabbit
polyclonal antibody against the phospho S120 peptide; this phos-
pho-specific antibody specifically recognizes the phosphorylated
form of human NRBF2 (Fig. 2B). Nrbf2 KO MEFs were comple-
mented with human or mouse WT NRBF2. In these cells, stably
expressed NRBF2 also existed as a doublet on western blots
(Fig. 2C). Nrbf2 KO MEFs were also complemented with either
human NRBF2 S113A or S120A mutant or mouse NRBF2S112A

(equivalent to S113 in human) mutant. Mutation of human S120
to alanine significantly reduced NRBF2 phosphorylation, whereas
the human S113A mutation has a minor but noticeable reduction
on NRBF2 phosphorylation (Fig. 2C), indicating that S120 is the
major phosphorylation site and S113 is a minor phosphorylation
site in human cells; S112 is the only phosphorylation site inmouse
NRBF2 (Fig. 2C). These data indicate that human NRBF2 is
heavily phosphorylated at S113 and S120 in unstressed cells.

Given that both phosphorylation sites S113 and S120 con-
tribute to stress regulated phosphorylation of human NRBF2,
we generated an NRBF2 phosphorylation dead mutant with
both S120 and S113 changed to alanine (S113A S120A; AA
mutant), and an NRBF2 phosphorylation constitutively active
mutant with both S120 and S113 changed to aspartic acids

(S113D S120D; DD mutant). These mutants, as well as human
Flag-tagged NRBF2 WT, were stably expressed in nrbf2¡/¡

MEFs with no NRBF2 expression.20 The NRBF2 AA mutant
completely abolished its phosphorylation, and the NRBF2 DD
mutant mimicked the phosphorylated form of NRBF2
(Fig. 2D). Because MTORC1-mediated NRBF2 phosphoryla-
tion is only completely eliminated by the double rather than
single mutation, and later on our functional analysis also sug-
gested that single mutants have similar but weaker phenotypes
than double mutants (data not shown), we focused on human
NRBF2 S113 and S120 double mutants (AA and DD mutants)
in the subsequent functional studies.

NRBF2 phosphorylation is negatively regulated by
starvation and MTORC1 inhibition

The rabbit polyclonal phospho-specific antibody against the
phosphorylated S120 peptide, generated in our lab, specifically
recognized NRBF2 WT but not AA or DD mutants (Fig. 2E).
The nrbf2¡/¡ MEFs complemented with NRBF2 WT were
treated with EBSS for amino acid starvation or rapamycin and
Torin 1 for MTORC1 inhibition. NRBF2 phosphorylation
detected by anti-phospho-NRBF2 antibody or mobility shift
was reduced upon EBSS, rapamycin or Torin 1 treatment com-
pared with that in untreated cells (Fig. 2F). Thus, this result fur-
ther confirmed that NRBF2 phosphorylation at S120 is
inhibited by autophagic stress.

NRBF2 is a substrate of MTORC1 in vitro

To identify the protein kinases responsible for NRBF2 phosphor-
ylation, we performed an in vitro kinase assay using purified
recombinant NRBF2 with immunoprecipitated AMPK,
MTORC1 or ULK1 kinases crucial for autophagy regulation.
Recombinant NRBF2 was phosphorylated by immunoprecipi-
tated MTORC1-RPTOR and ULK1 but not AMPK (Fig. 3A–C).
TSC2, a known substrate of AMPK;34 Atg13, a known substrate
of MTORC1;27-30 and BECN1, a known substrate of ULK1,35

were used as positive controls (Fig. 3A–C). The kinase dead
mutants of AMPK, MTORC1 and ULK1 were used as negative
controls (Fig. 3A–C). The NRBF2S113,120A double mutant and
S120A single mutant nearly completely abolished MTORC1-
mediated phosphorylation (Fig. 3D), confirming that these ser-
ines are the major sites for MTORC1-mediated phosphorylation.
Interestingly, the NRBF2S113,120A double mutant could still be
phosphorylated by ULK1 (Fig. 3E), suggesting that ULK1 might
phosphorylate NRBF2 at a different site(s) (Fig. 3F).

NRBF2 S113 and S120 phosphorylation dictates its
interaction with the PtdIns3K subcomplex

NRBF2 is proposed to bridge the interaction between PIK3C3-
PIK3R4 and ATG14-BECN1.18,20 We tested the binding of
NRBF2WT, AA (S113A S120A) and DD (S113D S120D) mutants
with PtdIns3K components in a co-immunoprecipitation assay.
Surprisingly, the NRBF2 AA mutant differs from the NRBF2 DD
mutant in binding either PIK3C3-PIK3R4 or ATG14-BECN1.
The phosphorylation-mimicking NRBF2 DDmutant pulled down
significantly more PIK3C3 and PIK3R4 than the NRBF2 AA
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mutant, whereas the phosphorylation dead NRBF2 AA mutant
preferentially interacted with ATG14-BECN1, under both nutri-
ent-rich and starved conditions (Fig. 4A–H). NRBF2 WT, heavily
phosphorylated under untreated conditions, strongly interacted
with PIK3C3 and PIK3R4, at a level similar to the NRBF2 DD
mutant. NRBF2 WT, lightly phosphorylated upon amino acid
starvation and rapamycin treatment, promoted the interaction
with ATG14-BECN1, at a level similar to the NRBF2 AA mutant
(Fig. 4A–H). These data suggest that the NRBF2 phosphorylation
state dictates its interaction with different PtdIns3K subcomplexes,
and MTORC1 can regulate the binding preference of WT NRBF2

to PIK3C3-PIK3R4 or ATG14-BECN1 via modulating NRBF2
phosphorylation (Fig. 4I).

NRBF2 S113 and S120 phosphorylation regulates its
interaction with the ULK1 protein complex

A key event in autophagy inhibition is that MTORC1 phos-
phorylates the Atg1/ULK1 protein kinase complex upstream of
PtdIns3K.26-30 We tested if NRBF2 phosphorylation affects its
association with the ULK1 complex in a co-immunoprecipita-
tion assay. The NRBF2 AA mutant promoted its association

Figure 1. NRBF2 interacts with ATG14 as a stoichiometric component of the PtdIns3K complex. (A) NRBF2 is a stoichiometric component of the PtdIns3K complex. Silver
staining of the tandem affinity-purified NRBF2 complex or vector alone in U2OS cells. All the marked bands were identified by mass spectrometry. (B-C) Mapping of the
NRBF2-ATG14 binding. Different truncated fragments of Flag-NRBF2 or Flag-ATG14 were expressed with either HA-ATG14 or HA-NRBF2. Immunoprecipitation was per-
formed using the anti-Flag resin. The minimum binding regions were marked in red. V, vector alone. (D-E) Identification of NRBF2 phosphorylation sites at S113 (D) and
S120 (E) by mass spectrometry analysis.
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with the ULK1 complex components ULK1, RB1CC1 and
ATG13, whereas the NRBF2 DD mutant reduced its interaction
with ULK1, RB1CC1 and ATG13 (Fig. 5A–F). Similar to the
NRBF2 DD mutant, NRBF2 WT under untreated conditions
had a significantly reduced interaction with the ULK1 complex
components ULK1, RB1CC1 and ATG13, compared with the
NRBF2 AA mutant or NRBF2 WT upon amino acid starvation
and rapamycin treatment (Fig. 5A–F). These findings suggest
that MTORC1-mediated NRBF2 phosphorylation critically reg-
ulated its interaction with ULK1 protein kinase (Fig. 5G).

NRBF2 S113 and S120 phosphorylation functions as a
switch to control autophagic PtdIns3K complex assembly
and ULK1 complex association

To investigate the function of NRBF2 S113 and S120 phosphoryla-
tion in PtdIns3K regulation, nrbf2¡/¡ MEFs were stably comple-
mented with human NRBF2 WT, AA, or DD mutants (Fig. 6A).
Immunoprecipitations were performed using anti-Flag, anti-
BECN1 or anti-ATG14 antibodies. This experiment was designed
to address if PtdIns3K complex assembly or ULK1 complex

Figure 2. NRBF2 phosphorylation is negatively regulated by autophagic stress. (A) Alignment of NRBF2 sequences in vertebrates. S113 and S120 are marked in
red. (B) Phosphorylation of endogenous NRBF2 in mouse and human cells upon autophagic stress. Mouse embryonic fibroblasts (mouse, upper) and osteosar-
coma U2OS cells (human, lower) were treated with EBSS (2 h) or rapamycin (Rapa, 50 nM, 2 h), then endogenous NRBF2 was detected using anti-NRBF2 anti-
body in western blotting. The phosphorylation of NRBF2 in human U2OS cells was detected by a phospho-specific antibody against human NRBF2 S120. Cell
lysate from unstressed cells was also treated with CIP for 1 h as a control. (C) Phosphorylation sites in human and mouse NRBF2. NRBF2 knockout (KO) MEFs
were transiently transfected with Flag-tagged human wild-type (WT), S113A or S120A NRBF2, as well as mouse WT or S112A NRBF2 mutants. NRBF2 was
detected with anti-Flag antibody. (D) Generation of human NRBF2S113A,120A double mutant that eliminates NRBF2 phosphorylation. NRBF2 KO cells were tran-
siently transfected with Flag-tagged wild-type (WT) NRBF2 (treated with or without CIP), NRBF2S113,120A (AA), and NRBF2S113,120D (DD) mutants. NRBF2 was
detected using an anti-Flag antibody. (E) Characterization of the phospho-specific antibody against human NRBF2 S120 using overexpressed NRBF2. NRBF2 KO
MEFs were transiently transfected with Flag-tagged WT NRBF2, NRBF2S113,120A (AA), or NRBF2S113,120D (DD) mutants. NRBF2 phosphorylation was detected using
anti-p-S120 antibody, and NRBF2 were detected with anti-Flag antibody. (F) Human NRBF2 phosphorylation is negatively regulated by autophagic stress. Nrbf2
KO MEFs were transfected with a plasmid encoding Flag-tagged WT NRBF2 and treated with EBSS (2 h), rapamycin (50 nM, 2 h) or Torin 1 (100 nM, 2 h).
NRBF2 phosphorylation was detected using the phospho-specific antibody against human NRBF2 S120 or mobility shift. NRBF2, SQSTM1 and LC3 were detected
by western blotting.
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association was regulated by NRBF2 phosphorylation (Fig. 6B).
The results of anti-Flag immunoprecipitation indicated that the
NRBF2 AA mutant preferentially interacted with ATG14-BECN1,
as well as ULK1-RB1CC1, whereas the DD mutant preferentially
interactedwith PIK3C3-PIK3R4 (Fig. 6C–D).WTNRBF2 behaved
similarly to the NRBF2 DD mutant under untreated conditions,
while WT NRBF2 behaved similarly to the NRBF2 AA mutant
upon amino acid starvation or MTORC1 inhibition, which was
consistent with co-immunoprecipitation results with the overex-
pressed NRBF2 (Fig. 4 and Fig. 5). Meanwhile, significantly more
autophagic PtdIns3K complex was assembled in cells expressing
the NRBF2 AA mutant detected by both ATG14 (Fig. 6E) and
BECN1 (Fig. 6F) endogenous immunoprecipitations, whereas
much less autophagic PtdIns3K complex assembly was detected in
the cells expressing the NRBF2DDmutant (Fig. 6D–F). In the cells
expressing WT NRBF2, less autophagic PtdIns3K complex assem-
bly was detected under untreated conditions, whereas autophagic
PtdIns3K complex assembly was significantly increased in cells
treated with Torin 1. In cells expressing WT NRBF2 under
untreated conditions, less ULK1 complex assembly was detected,
which was similar to that in cells expressing the NRBF2 DD

mutant. In contrast, in cells expressing WT NRBF2 upon Torin 1
treatment, more ULK1 complex association was promoted, which
was similar to that in cells expressing the NRBF2 AA mutant
(Fig. 6D–F). Furthermore, endogenous immunoprecipitation using
NRBF2, ATG14 and BECN1 antibodies indicated that the
MTORC1 activity regulated the assembly of the PIK3C3 complex
and ULK1 complex inWTU2OS cells, but not in NRBF2 KDU2OS
cells (Fig. 7A–G). These data strongly suggest that NRBF2 S113
and S120 phosphorylation functions as a critical switch to control
autophagic PtdIns3K complex assembly and ULK1 complex
association.

NRBF2 S113 and S120 phosphorylation affects PtdIns3K
lipid kinase activity

We further investigated if NRBF2 phosphorylation regulates
PtdIns3K lipid kinase activity. PtdIns3K phosphorylates phos-
phatidylinositol to generate PtdIns3P.7-9 The autophagic
PtdIns3P binding protein ZFYVE1/DFCP136 (GFP tagged) was
used as a probe to detect PtdIns3P production in cells expressing
human WT NRBF2 and phosphorylation mutants. PtdIns3P

Figure 3. NRBF2 is a substrate of MTORC1. (A-C) Immunoprecipitated AMPK (A), MTORC1-RPTOR (B) and ULK1 (C) were incubated with the indicated recombinant pro-
teins in an in vitro kinase assay. Phosphorylation is detected by autoradiogram and input proteins were Coomassie Blue stained. TSC2 (aa 1300–1367), ATG13, and BECN1
(aa 1–85) served as positive controls for AMPK, MTORC1 and ULK1 kinase activities, respectively. WT, wild type; KD, kinase dead mutant. (D) Recombinant GST-tagged WT,
S120A and S113A S120A NRBF2 proteins were used in the in vitro kinase assay with immunoprecipitated MTORC1. (E) Recombinant GST-tagged WT and S113A S120A
NRBF2 proteins were used in the in vitro kinase assay with immunoprecipitated ULK1. (F) A schematic diagram to show that NRBF2 is phosphorylated by MTORC1.
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production shown as GFP-ZFYVE1 puncta was significantly
reduced in cells expressing the NRBF2 DD mutant compared
with those in cells expressing NRBF2 WT or the AA mutant

(Fig. 8A–B). Furthermore, we tested the PtdIns3K lipid kinase
activity associated with NRBF2 WT or phosphorylation mutants
in an in vitro assay. Lipid kinase activity of immunoprecipitated

Figure 4. NRBF2 S113 S120 phosphorylation differentiates its interaction with PtdIns3K subcomplexes. (A-H) Interactions between NRBF2 (unphosphorylated or phosphorylated
mutants) and individual PtdIns3K complex components. HEK293T cells were transfected with MYC-PIK3C3 (A), HA-PIK3R4 (C), HA-ATG14 (E), or HA-BECN1 (G) together with Flag-
tagged NRBF2 wild-type (WT), AA, or DD mutant, and treated with EBSS (2 h), rapamycin (50 nM, 2 h), or left untreated. Flag-NRBF2 and its associated proteins were immunoprecipi-
tated uisng anti-Flag M2 resin and probed by individual antibodies in western blotting. The relative ratios of MYC-PIK3C3 (B), HA-PIK3R4 (D), HA-ATG14 (F), or HA-BECN1 (H) to NRBF2
were quantified and standardized. The error bars represent the standard error of the mean from 3 independent experiments within the same treatment group. �, P< 0.05. (I) A sche-
matic showing that phosphorylated NRBF2 preferentially interacts with PIK3C3 and PIK3R4, while unphosphorylated NRBF2 preferentially interacts with ATG14 and BECN1.
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PtdIns3K complex associated with NRBF2 WT in unstressed
cells was similar to that associated with the NRBF2 DD mutant,
and both were much lower than the NRBF2 AA mutant
(Fig. 8C–D). Torin 1 treatment stimulated NRBF2 WT-associ-
ated PtdIns3K lipid kinase activity, to a level similar to the

NRBF2 AA mutant. However, NRBF2 DD-associated PtdIns3K
lipid kinase activity remained unchanged in cells treated with
Torin 1 (Fig. 8C–D). These data suggest that MTORC1-medi-
ated NRBF2 phosphorylation negatively regulates PtdIns3K lipid
kinase activity.

Figure 5. NRBF2 S113 S120 phosphorylation regulates its interaction with the ULK1 protein complex. (A-F) Interaction between NRBF2 (unphosphorylated or phosphory-
lated forms) and individual ULK1 complex components. HEK293T cells were transfected with HA-ULK1 (A), MYC-ATG13 (C), or HA-RB1CC1 (E), respectively, together with
NRBF2 wild-type (WT), AA, or DD mutant, and treated with EBSS (2 h), rapamycin (50 nM, 2 h) or left untreated. Flag-NRBF2 and its associated proteins were immunopreci-
pitated using anti-Flag M2 resin and probed with individual antibodies in western blotting. The relative ratios of HA-ULK1 (B), MYC-ATG13 (D), or HA-RB1CC1 (F) to NRBF2
were quantified and standardized. The error bars represent the standard error of the mean from 3 independent experiments within the same treatment group. �, P <

0.05. (G) A schematic showing the interaction between different forms of NRBF2 with the ULK1 protein complex ULK1, RB1CC1 and ATG13. Gray arrow means seldom
interact, and red arrow means preferentially interact.
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NRBF2 S113 and S120 phosphorylation negatively
regulates autophagy

PtdIns3K-ULK1 complex assembly and lipid kinase activity are
critical for autophagy activation.7-9 Therefore, we investigated if
NRBF2 S113 and S120 phosphorylation modulates autophagy.
Autophagy flux was evaluated by western blot and immunostain-
ing. Autophagy was activated and autophagy flux was accelerated
in cells expressing the NRBF2 AA mutant, because more LC3 lipi-
dation (LC3-II form) and SQSTM1/p62 degradation were detected
in cells expressing the NRBF2 AA mutant compared with those in
cells expressing WT NRBF2 (Fig. 9A–C). Meanwhile, the NRBF2
DDmutant behaved similarly to the NRBF2WT in the unstressed
conditions, but failed to activate autophagy as seen with NRBF2

WT upon rapamycin treatment (Fig. 9A–C). Immunostaining of
LC3 puncta also supported the activating role of the NRBF2 AA
mutant and the inhibitory role of the NRBF2 DD mutant in auto-
phagy (Fig. 9D–E). Taken together, we conclude that MTORC1-
mediated NRBF2 phosphorylation was required to fine-tune auto-
phagy activity (Fig. 9F).

Discussion

In this study, we demonstrate that NRBF2 functions as a fine-tun-
ing autophagy regulator. Under fed conditions, MTORC1 is active
and NRBF2 is phosphorylated by MTORC1. Phosphorylated
NRBF2 inhibits autophagy, preferentially binds a nonautophagic
form of the PtdIns3K complex consisting of PIK3C3-PIK3R4 only,

Figure 6. NRBF2 S113 S120 phosphorylation differentially regulates PtdIns3K complex and ULK1 complex assembly. (A) Generation of stable cell lines in Nrbf2 knockout
(KO) mouse embryonic fibroblasts (MEFs) complemented with Flag-tagged NRBF2 wild-type (WT), AA or DD mutants. The expression of Flag-NRBF2 was detected with an
anti-Flag antibody in western blotting. (B) A schematic showing how phosphorylation of NRBF2 affects PtdIns3K complex assembly. (C-F) NRBF2 S113 S120 phosphoryla-
tion negatively regulates PtdIns3K complex and ULK1 complex assembly. Nrbf2 KO MEFs stably complemented with Flag-tagged NRBF2 WT, AA, or DD mutant were
treated with Torin 1 (50 nM, 2 h) or left untreated. Endogenous PtdIns3K complex and ULK1 complex were detected (C). (D-F) Endogenous immunoprecipitations were
performed using anti-Flag antibody (D), mouse anti-ATG14 (E) or mouse anti-BECN1 primary antibodies (F), and analyzed by western blotting in the upper panels and
quantitative analyses in the bottom panels. The error bars represent the standard error of the mean from 3 independent experiments within the same group. �, P < 0.05.
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and this NRBF2-associated PtdIns3K complex has low lipid kinase
activity. When MTORC1 is inhibited and autophagy is activated,
NRBF2 becomes unphosphorylated. This form of NRBF2 binds
ATG14-BECN1, promotes autophagic PtdIns3K complex assem-
bly, stimulates PtdIns3P production, promotes ULK1 association
and activates autophagy.

The fine-tuning functionmight help to explain the weak or even
contradicting autophagy phenotype in NRBF2-deficient cells.18-21

NRBF2 could function as an activator or inhibitor depending on its
phosphorylation status that relies on the expression levels and
activity ofMTORC1. ATG38KO yeast maintain 50% of autophagy
activity,18 whereasNrbf2 knockoutmice survive to adulthoodwith-
out neurodegeneration phenotypes.20 NRBF2/Atg38-deficient cells
still retain partial autophagic activity.18-21 NRBF2 is probably not

essential for PtdIns3K activity and autophagy, but functions as a
critical regulator to more readily activate autophagy when chal-
lenged with stresses. MTORC1-mediated phosphorylation at S120
is more prominent in humanNRBF2. This site is not evolutionarily
conserved in mouse NRBF2. Another site (S113 in human and
S112 in mouse) is evolutionarily conserved. Phosphorylation at
both sites is regulated by autophagic stresses. It is currently not
clear if Atg38 is also regulated by TOR-mediated phosphorylation
in yeast.

It has been shown that PIK3C3 exists in several different
autophagic or nonautophagic subcomplexes.37 ATG14 might
help to differentiate the regulation (inhibition or activation) of
different PIK3C3 complexes by the upstream energy sensing
kinase AMPK in response to starvation.37 Our results support

Figure 7. MTORC1-mediated NRBF2 phosphorylation regulates the assembly of the PIK3C3 complex and ULK1 complex in the endogenous co-immunoprecipitation. (A-D)
WT and NRBF2 KD U2OS cells were treated with EBSS (2 h), rapamycin (Rapa, 50 nM, 2 h) or left untreated. Endogenous PtdIns3K complex and ULK1 complex were
detected (A). (B-D) Endogenous immunoprecipitations were performed using mouse anti-ATG14 (B), mouse anti-BECN1 (C) or rabbit anti-NRBF2 primary antibodies (D).
Endogenous NRBF2 and its associated proteins were probed with individual antibodies in western blotting. (E-G) Quantitative analysis of (B-D). The error bars represent
the standard error of the mean from 3 independent experiments within the same treatment group. �, P < 0.05.
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this model. NRBF2 might be critical for the switch from the
nonautophagic PIK3C3-PIK3R4 complex to the autophagic
PIK3C3-PIK3R4-BECN1- ATG14 complex. A crystal structure
of the endosomal PIK3C3 complex38 and an EM structure of
the autophagic PIK3C3 complex39-40 were recently revealed.
These studies suggest that PtdIns3K subunits form a V/Y-
shaped complex, with Vps15/PIK3R4-Vps34/PIK3C3 at one
arm, BECN1-ATG14 (complex I) or Vps30/BECN1-Vps38/
UVRAG (complex II) at the other arm, and NRBF2 at the base.
It will be interesting to determine the conformational change of
NRBF2 by phosphorylation in the autophagic PIK3C3 complex
(complex I), as an understanding of the conformational change
within the complex under both fed and stressed conditions
might help to explain how it functions as a critical switch for
the assembly and activation of the autophagic PtdIns3K com-
plex. Identification of NRBF2 as an MTORC1 substrate in auto-
phagy will further facilitate our understanding of how
MTORC1-mediated phosphorylation events coordinate and
specify different steps in autophagy. In addition, NRBF2 is also

phosphorylated by ULK1, however, probably through a differ-
ent site(s), and its function and mechanism in this regard
remains to be determined.

Materials and methods

Reagents, antibodies and plasmids

Mouse anti-Flag (F3165), mouse anti-HA (H3663) and rabbit
anti-LC3 (L7543) antibodies were purchased from Sigma
Aldrich Co. Rabbit anti-NRBF2 (A301–851A), rabbit anti-
PIK3R4 (A302–571A) and rabbit anti-RB1CC1 (A301–574A)
antibodies were purchased from Bethyl Laboratories. Rabbit
anti-PIK3C3 (38–2100) antibody was purchased from Thermo
fisher Scientific. Mouse anti-BECN1 (E-8; sc-48341) and mouse
anti-MYC (9E10; sc-40) antibodies were purchased from Santa
Cruz Biotechnology. Mouse anti-ATG14 (M184–3) antibody
was purchased from MBL International Corporation. Mouse
anti-SQSTM1 (H00008878-M01) antibody was purchased

Figure 8. NRBF2 S113 S120 phosphorylation regulates PtdIns3K lipid kinase activity. (A) NRBF2 S113 S120 phosphorylation negatively regulates autophagic PtdIns3P pro-
duction. Autophagic PtdIns3P binding protein GFP-ZFYVE1 was expressed and detected in Nrbf2 knockout (KO) mouse embryonic fibroblasts (MEFs) stably complemented
with Flag-tagged NRBF2 WT, AA, or DD mutant. Scale bar, 10 mm. (B) Quantitative analysis of (A). The error bars represent the standard error of the mean from 3 indepen-
dent experiments within the same group. �, P < 0.05. (C) NRBF2 S113 S120 phosphorylation regulates PtdIns3P production in vitro. Nrbf2 KO MEFs stably complemented
with Flag-tagged NRBF2 WT, AA, or DD mutant were treated with Torin 1 (50 nM, 2 h) or left untreated, and then subjected to PtdIns3K lipid kinase assay. (D-E) Quantita-
tive analysis of (C). The relative ratios of PtdIns3P production to NRBF2 (D) and PIK3C3 (E) were quantified and standardized. The error bars represent the standard error
of the mean from 3 independent experiments within the same group. �, P < 0.05.
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Figure 9. NRBF2 S113 S120 phosphorylation regulates autophagy. (A) NRBF2 S113 S120 phosphorylation regulates autophagy flux. Nrbf2 knockout (KO) mouse embryonic
fibroblasts (MEFs) stably complemented with NRBF2 wild-type (WT), AA, or DD mutant were treated with rapamycin (Rapa, 50 nM, 2 h), CQ (20 mM, 2h) and rapamycin C
CQ (50 nM rapamycin and 20 mM CQ, 2 h) or left untreated. Autophagy flux was analyzed by probing LC3-II and SQSTM1 in western blotting. The protein levels of NRBF2
and TUBB were also monitored. (B-C) Quantitative analysis of (A). The relative ratios of LC3-II (B) or SQSTM1 (C) to TUBB were standardized. The error bars represent the
standard error of the mean from 3 independent experiments within the same group. �, P < 0.05. (D) Representative LC3 staining images of Nrbf2 KO MEFs stably comple-
mented with NRBF2 WT, AA, or DD mutant, treated with rapamycin (Rapa, 50 nM, 2 h), CQ (20 mM, 2 h) and rapamycinC CQ (50 nM rapamycin and 20 mM CQ, 2 h) or left
untreated. Endogenous LC3 staining was performed using an anti-LC3 antibody, and representative images were taken by 40£ magnification. Scale bar: 10 mm. (E) Quan-
titative analysis of (D). LC3 puncta per cell were quantified in 100 cells for each panel. The error bars represent the standard error of the mean from 3 independent experi-
ments within the same group. �, P < 0.05. (F) A working model of MTORC1-mediated NRBF2 S113 S120 phosphorylation as a switch to regulate PtdIns3K complex
assembly, lipid kinase activity, ULK1 association and autophagy.
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from Novus Biologicals. Rabbit anti-ULK1 (8054T) antibody
was obtained from Cell Signaling Technology. Mouse anti-
TUBB/b-tubulin (E7) was purchased from DSHB (Develop-
mental Studies Hybridoma Bank). Anti-phospho-NRBF2 S120
antibodies were generated by immunizing rabbits with the cor-
responding phospho-peptide, LSQKYS�PSTEK. The phospho-
specific antibodies were affinity purified (Cell Signaling
Technology).

pCDNA4/TO (Invitrogen, V102020) wasmodified by introduc-
ing the coding sequence of 3£ FLAG tag (between NotI and XhoI
sites) and designated as pCDNA4-FLAG. The WT or mutant
NRBF2 coding sequences were inserted between EcoRV and NotI
sites to generate pCDNA4-FLAG-NRBF2, and these plasmids
were used to establish stable cell lines. The coding sequence of the
HA tag was introduced into the N terminus of the ATG14 coding
sequence after the initiation codonATG by PCR, which was cloned
into pCDNA5/FRT/TO (Invitrogen, V601020) between BamHI
andNot I sites.

Human NRBF2 plasmids (single-mutant S113 or S120) were
constructed with site-directed mutagenesis method using
pCDNA4-WT NRBF2 as template. The primer sequences are
available in Table 1. The PCR amplification were done with
heating at 95�C for 30 sec, and followed by 18 cycles: 95�C for
30 sec, 53�C for 30 sec and 68�C for 4 min. PCR fragments
were digested with 10 U DpnI enzyme at 37�C for 1 h and gel-
purified by QIAquick Gel Extraction Kit (QIAGEN, 28706)
according to the instructions of the manufacturer. The
extracted products were transformed and verified by DNA
sequencing. Double-mutant S113 S120 NRBF2 plasmids AA
and DD were constructed using pCDNA4-S113A or S113D
NRBF2 as templates, with S120A and S120D primers,
respectively.

Cell culture, cell transfection and generation of stable cell
line

nrbf2¡/¡ MEF cells were generated as described previously.20

HEK293T, U2OS and MEF cells were cultured in DMEM
(Sigma Aldrich Co., D5796) supplemented with 10%
HyCloneTM fetal bovine serum (GE Healthcare Life Sciences,
SH30088.03) and 1% GibcoTM penicillin-streptomycin solution
(Thermo Fisher Scientific, 15140122). Cell transfection was
performed using Lipofectamine� 2000 (Thermo Fisher Scien-
tific, 11668019; for MEF cells) or polyethylenimine (PEI; Poly-
sciences Inc., 23966–2; for HEK293T cells) according to
protocols provided by the manufacturers. To establish the
NRBF2-complemented stable MEF cell lines, recombinant

pCDNA4 plasmids containing the sequence of NRBF2 WT,
AA or DD mutants were transfected into nrbf2¡/¡ MEF cells.
Stable pools were obtained in the presence of 100 mg/ml
hygromycin B (Thermo Fisher Scientific, 10687010). Single col-
onies were picked and screened for the expression of Flag-
NRBF2 using mouse anti-Flag antibody, and confirmed using
rabbit anti-NRBF2 antibody by western blotting (Fig. 6A).

The inducible shRNA NRBF2 knockdown U2OS cell lines
were established according to the manufacturer. The shRNA
sequences were designed with siRNA Target Finder (Ambion)
and cloned into BglII and HindIII sites of pSuperior.puro vec-
tor (Oligoengine, 38029). The shRNA coding sequence for
human NRBF2 knockdown is GATCCCCGAGGCTAT
TTCTTGTCACATTCAAGAGAGGTTGTTCTGTTCCACTG
CTTTTTA, with the targeted sequence of NRBF2 in italics. The
inducible knockdown stable cell lines were generated from
U2OS

TetR cells.13 To measure the knockdown efficiency, cells
were treated with 500 ng/mL doxycycline (DOX; Sigma Aldrich
Co., D9891) for 3 d, followed by western blotting against
NRBF2.

Tandem affinity purification of NRBF2 cellular complex

The tandem affinity purification strategy to fractionate the
NRBF2 complexes from human cells was performed as described
previously with some modification.11,41-43 Briefly, the stable cell
line capable of expressing ZZ-NRBF2–3£ Flag upon DOX
induction was obtained. The lowest dose of DOX to induce
expression of exogenous NRBF2 close to the endogenous level
was chosen for complex purification. The cells were grown in
DMEM with 10% fetal bovine serum and harvested near conflu-
ence. The cell pellet was washed with chilled phosphate-buffered
saline (PBS; Sigma Aldrich Co., D8662) 3 times and then sus-
pended in TAP buffer (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5% NP-40 [Sigma Aldrich Co., I8896], 1 mM NaF,
1 mM Na3VO4, 1 mM EDTA and Protease inhibitor cocktail
[Roche Life Science, 5056489001]). The resuspended cell pellets
were gently vortexed for 1 min after a 30-min incubation on ice.
The homogenate was centrifuged for 20 min at 10,000 £ g. The
supernatant was transferred to a fresh tube. Then 0.8 mL of
packed IgG beads (GE Healthcare Life Sciences, 17–0969–01)
was added to the supernatant, followed by gentle rotation over-
night at 4�C. The bound protein was eluted by TEV protease
(Sigma Aldrich Co., T4455) cleavage and further purified by
anti-Flag antibody-conjugated beads (Sigma Aldrich Co.,
A2220). The final eluates from the Flag-M2 beads using 3£ Flag
peptide were resolved by SDS-PAGE on a 4–12% gradient gel
and visualized by silver staining. Specific bands were cut off and
subjected to mass spectrometry (MS) analysis.

Mass spectrometry analysis

Protein bands on the SDS-PAGE gel were destained, and then
reduced in 10 mM DTT at 56�C for 30 min followed by alkyl-
ation in 55 mM iodoacetamide at dark for 1 h. After that the
protein bands were in-gel digested with sequencing grade tryp-
sin (10 ng/mL trypsin, 50 mM ammonium bicarbonate, pH 8.0)
overnight at 37�C. Peptides were extracted with 5% formic
acid-50% acetonitrile and 0.1% formic acid-75% acetonitrile

Table 1. The primers for the NRBF2 mutants.

Mutant Sequence 50 – 30

S113A Forward: agaggatgcagagggccaggctcccctttctcagaagtac
Reverse: gtacttctgagaaaggggagcctggccctctgcatcctct

S113D Forward: agaggatgcagagggccaggatcccctttctcagaagtac
Reverse: gtacttctgagaaaggggatcctggccctctgcatcctct

S120A Forward: tcccctttctcagaagtacgccccttccacagagaaatgc
Reverse: gcatttctctgtggaaggggcgtacttctgagaaagggga

S120D Forward: tcccctttctcagaagtacgacccttccacagagaaatgc
Reverse: gcatttctctgtggaagggtcgtacttctgagaaagggga
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sequentially and then concentrated to »20 ml. The extracted
peptides were separated by an analytical capillary column
(50 mm £ 10 cm) packed with 5-mm spherical C18 reversed
phase material (YMC, 063691). An Agilent 1100 binary pump
was used to generate an HPLC gradient as follows: 0–5% B in
5 min, 5–40% B in 25 min, 40–100% B in 15 min (B D 0.1 M
acetic acid-70% acetonitrile). The eluted peptides were sprayed
into a QSTAR XL mass spectrometer (AB Sciex, Foster City,
CA, USA) equipped with a nano-ESI ion source. The mass
spectrometer was operated in information-dependent mode
with 1 MS scan followed by 3 MS/MS scans for each cycle.
Database searches were performed on an in-house Mascot
server (Matrix Science Ltd., London, UK) and the following
variable modifications were included: oxidation on methionine,
carbamidomethylation on cysteine, phosphorylation on serine,
threonine, and tyrosine. The tandem mass spectra of matched
phosphorylated peptides were manually checked for their
validity.

AMP-activated protein kinase complex purification and
the kinase assay

The kinase substrate protein was prepared from either E. coli or
the transfected HEK293 cells. The proteins were eluted from
the affinity beads, followed by dialysis against 50 mM Tris, pH
8.0, 10% glycerol overnight. AMPK complexes were prepared
from the HEK293 cells, in which MYC-PRKAA1, MYC-
PRKAG1, and Flag-PRKAB1 were transfected using PEI. The
cells were lysed with Mild Lysis Buffer (MLB) containing
10 mM Tris, pH 7.5, 2 mM EDTA, 100 mM NaCl, 0.5% NP-40,
50 mM NaF, 1 mM Na3VO4, and Roche Protease inhibitor
cocktail. AMPK complexes were immuno-purified using Flag-
M2 beads, which were pre-equilibrated with the MLB. The
AMPK immune-complex was extensively washed with the
MLB, followed once by buffer E containing 50 mM Tris, pH
8.0, and 0.05% NP-40. The AMPK complex was eluted with
buffer E containing 200 mg/ml 3£ Flag peptide. The resulting
AMPK complexes were further purified using a desalting col-
umn with the buffer containing 50 mM Tris, pH 8.0, 10% glyc-
erol. For the kinase assay, 50–100 ng of AMPK complexes were
incubated with 0.5 mg of the substrate protein (or the proteins
of interest) in the presence of kinase buffer containing 20 mM
HEPES, pH 7.4, 1 mM EGTA, 0.4 mM EDTA, 5 mM MgCl2,
0.05 mM DTT, 0.2 mM AMP, 0.1 mM ATP. For the radioiso-
tope assay, 2 mCi 32P-g-ATP (perkinElmer, NEG035C010MC)
was included in the reaction. The reaction was carried out at
37�C for 30 min and terminated by adding SDS-PAGE sample
buffer.

MTORC1 assay

MTORC1 complex was prepared from the HEK293 cells, in
which MYC-MTOR, and HA-RPTOR were transfected using
PEI. MTORD2338A was used as the kinase inactive mutant. To
obtain MTORC1, the cells were lysed with CHAPS buffer con-
taining 40 mM HEPES, pH 7.4, 2 mM EDTA, 10 mM pyro-
phosphate, 10 mM gylcerophosphate, 0.3% CHAPS (Amresco,
0465). This zwitterionic detergent buffer was used as a base
solution for the following immunoprecipitation, and washing.

MTORC1 (MYC-MTOR-HA-RPTOR) complex was immuno-
purified using HA-beads, which were pre-equilibrated with the
CHAPS buffer, and then the immune complex was extensively
washed with the CHAPS buffer several times. The resulting
beads containing MTORC1 complex was washed with kinase
assay buffer containing 25 mM HEPES, pH 7.4, 50 mM KCl,
5% glycerol, 10 mM MgCl2, 5 mM MnCl2, 0.1 mM DTT once.
For the kinase assay, the MTORC1 immune complex was incu-
bated with 0.5 mg of the substrate protein (or the proteins of
interest) in the kinase buffer containing 50 mM ATP, and
2 mCi 32P-g-ATP for the radioisotope assay. The reaction was
carried out at 37�C for 30 min on the vibrating incubator, and
terminated by adding SDS-PAGE sample buffer. Phosphoryla-
tion of the substrate proteins was determined by 32P-
autoradiogram.

ULK1 kinase assay

ULK1 kinase was prepared from HEK293 cells, in which Flag-
ULK1 (wild-type or kinase-dead K46R) was transfected using
PEI. The ULK1 kinase was immuno-purified using Flag-M2
beads as described for the AMPK preparation. The purified
ULK1 kinase from Flag-M2 beads was desalted using a micro-
desalting spin column with buffer containing 50 mM Tris, pH
8.0, 10% glycerol. For the kinase assay, 50–100 ng of ULK1
kinase was incubated with 0.5 mg of the substrate protein (or
the proteins of interest) in the presence of kinase buffer con-
taining 20 mM HEPES, pH 7.4, 1 mM EGTA, 0.4 mM EDTA,
5 mM MgCl2, 0.05 mM DTT, 0.05 mM ATP, 2 mCi 32P-g-ATP
for the radioisotope assay. The reaction was carried out at 37�C
for 30 min and terminated by adding SDS-PAGE sample
buffer. In parallel, the same kinase reaction was carried out
using ULK1K46R as the negative control. Phosphorylation of the
substrate proteins was determined by 32P-autoradiogram.

Immunoprecipitation assays

For Flag tag immunoprecipitation assay, whole-cell lysates lysed
with TAP buffer (20 mM Tris-HCl, pH 7.5, 150 mMNaCl, 0.5%
NP-40, 1 mM NaF, 1 mM Na3VO4, 1 mM EDTA and Protease
inhibitor cocktail) were collected after pelleting cellular debris
using centrifugation at 1,5000xg, 10 min. Lysate was then incu-
bated with 20 ml anti-Flag M2 Affinity Gel (Sigma Aldrich Co.,
A2220) for 16 h at 4�C. Beads were washed 3 times with TAP
buffer and then eluted with a 1:10 ratio of 200 mg/ml 3£ Flag
peptide to lysate. The eluate were subjected to western blotting.
For endogenous immunoprecipitation assay, whole-cell lysates
lysed using TAP buffer were collected after pelleting cellular
debris using centrifugation. Lysate was pre-cleaned by incubat-
ing with 20 ml protein A/G agarose (Santa Cruz Biotechnology,
sc-2003) and goat anti-mouse IgG (Santa Cruz Biotechnology,
sc-2005) for 30 min at 4�C. After centrifugation, the supernatant
was incubated with mouse anti-BECN1 antibody (1:500 dilu-
tion) or mouse anti-ATG14 antibody (1:500 dilution) for 1 h at
4�C, followed by the addition of 20 ml protein A/G agarose and
incubation overnight at 4�C. Beads were washed 3 times with
TAP buffer and then mixed with 60 ml SDS loading buffer. The
supernatant fractions were subjected to western blotting accord-
ing to standard protocols. The immunoprecipitation efficiency
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was evaluated by the amount of the immunoprecipitated pro-
teins normalized with the bait proteins.

Immunostaining assay

For LC3 immunostaining assay, NRBF2-KO, NRBF2-WT,
NRBF2-AA and NRBF2-DD stable cell lines were trypsinized
and transferred to 6-well dishes containing coverslips. After
24 h, cells were cultured in the following conditions: untreated,
rapamycin (50 nM), CQ (20 mM) and rapamycin C CQ
(50 nM rapamycin and 20 mM CQ) for 2 h. Then cells were
fixed using ice-cold methanol for 4 min at 4�C. Cells were then
washed 3 times with PBS and blocked with blocking buffer
(2.5% BSA [Sigma Aldrich Co., V900933] C 0.1% Triton X-100
[Sigma Aldrich Co., T8787] in PBS) at room temperature for
2 h. Cells were incubated with rabbit anti-LC3 antibodies
(1:10000 dilution) at 4�C overnight, washed with PBS buffer
and then incubated with goat anti-rabbit secondary antibodies
(1:10,000 dilution; Santa Cruz Biotechnology, sc-2004) for 2 h
at room temperature. For the ZFYVE1 assay, NRBF2-KO,
NRBF2-WT, NRBF2-AA and NRBF2-DD stable cell lines were
transfected with pEGFP-ZFYVE1 according to the protocol
described above. 24 h after transfection, these cells were trypsi-
nized and transferred to 6-well dishes containing coverslips.
After another 24 h, cells were treated with 50 nm Torin 1 for
2 h. Then the cells were fixed using 4.0% paraformaldehyde for
10 min at 4�C. Cells were then washed 3 times with PBS and
stained with DAPI buffer (1:10,000 dilution) at room tempera-
ture for 5 min. Slides were examined by using a laser scanning
microscope (Zeiss LSM Z2 META ultraviolet-visible).

In vitro PtdIns3K lipid kinase assay

Nrbf2 KO MEFs and NRBF2-WT, NRBF2-AA and NRBF2-DD
stable cell lines were lysed in lysis buffer containing 20 mM
HEPES (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1.0% Triton X-
100, Proteinase Inhibitor Cocktail and Halt Phosphatase Inhib-
itor Cocktail (Thermo Fisher Scientific, 78420). Immunopre-
cipitation was performed with Flag-M2 beads. Immune
complexes were washed 3 times in lysis buffer, followed by an
additional wash in TNE buffer (10 mM Tris-HCl, pH 7.5,
100 mM NaCl, 1 mM EDTA, 100 uM Na3VO4). A fraction (1/
5) of the beads of immununoprecipitates was aliquoted for
western blot. Residual beads were resuspended in 60 ml TNE
buffer containing 20 mg sonicated phosphatidylinositol (Avanti
Polar Lipids, 840042C), and incubated with 50 mM cold ATP,
10 mCi 32P-ATP, and 5 mM MgCl2 at room temperature for
30 min. The reaction was terminated by adding 20 ml 8 M HCl,
and the organic phase was extracted with 160 ml chloroform:
methanol (1:1). Extracted phospholipid products were resolved
by TLC using a silica-coated gel 60 F254 (EMD Millipore,
S07875) and a solvent composed of chloroform:methanol:H2O:
ammonium hydroxide (v:v:v:v, 9:7:1.7:0.3). 32P-PtdIns3P was
subjected to autoradiography on an X-ray film.

Image quantification and statistical analysis

Results of western blots and lipid kinase assay were quantified
by densitometry analysis using ImageJ software (NIH, USA)

with same parameters. The data were analyzed by ANOVA and
the pairwise comparisons were done by Bonferroni post-hoc
test. Experiments were repeated at least 3 times for quantifica-
tion. Immunostaining results were quantified by counting
puncta formation and the statistical significance of differences
between mean values (P < 0.05) was evaluated using the
unpaired Student t test. At least 3 different visual fields contain-
ing at least 100 cells were counted for each condition. All data
were expressed as the mean § standard deviation.

Abbreviations

AMPK AMP-activating kinase
ATG14 autophagy-related 14
KD knockdown
KO knockout
MAP1LC3/LC3 microtubule-associated protein 1 light

chain 3
MEFs mouse embryonic fibroblasts
MTOR mechanistic target of rapamycin
NR nutrient rich
NRBF2 nuclear receptor binding factor 2
PIK3C3/Vps34 phosphatidylinositol 3-kinase, catalytic

subunit type 3
PIK3R4/p150/Vps15 phosphoinositide-3-kinase, regulatory

subunit 4
PtdIns3K class III phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol-3-phosphate
RB1CC1/FIP200 RB1 inducible coiled-coil 1
SQSTM1/p62 sequestosome 1
TAP tandem affinity purification
ULK1 unc-51 like autophagy activating kinase 1
WT wild type
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