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Background: The Beclin 1-Vps34 protein-protein interaction network is critical for autophagy regulation.
Results: Nrbf2 is a component of the Atg14L-containing Beclin 1-Vps34 protein complex. Nrbf2 deficiency disrupts Atg14L-
Vps34/Vps15 interactions and increases intracellular PI3P levels and autophagic flux.
Conclusion: Nrbf2 is important for the Beclin 1-Vps34 interaction network to achieve tight autophagy regulation.
Significance: Our work identifies a novel aspect of autophagy regulation.

Autophagy is a tightly regulated lysosomal degradation path-
way for maintaining cellular homeostasis and responding to
stresses. Beclin 1 and its interacting proteins, including the class
III phosphatidylinositol-3 kinase Vps34, play crucial roles in
autophagy regulation in mammals. We identified nuclear recep-
tor binding factor 2 (Nrbf2) as a Beclin 1-interacting protein
from Becn1�/�;Becn1-EGFP/� mouse liver and brain. We also
found that Nrbf2-Beclin 1 interaction required the N terminus of
Nrbf2. We next used the human retinal pigment epithelial cell line
RPE-1 as a model system and showed that transiently knocking
down Nrbf2 by siRNA increased autophagic flux under both nutri-
ent-rich and starvation conditions. To investigate the mechanism
by which Nrbf2 regulates autophagy, we demonstrated that Nrbf2
interacted and colocalized with Atg14L, suggesting that Nrbf2 is a
component of the Atg14L-containing Beclin 1-Vps34 complex.
Moreover, ectopically expressed Nrbf2 formed cytosolic puncta
that were positive for isolation membrane markers. These results
suggest that Nrbf2 is involved in autophagosome biogenesis. Fur-
thermore, we showed that Nrbf2 deficiency led to increased intra-
cellular phosphatidylinositol-3 phosphate levels and diminished
Atg14L-Vps34/Vps15 interactions, suggesting that Nrbf2-medi-
ated Atg14L-Vps34/Vps15 interactions likely inhibit Vps34 activ-
ity. Therefore, we propose that Nrbf2 may interact with the
Atg14L-containing Beclin 1-Vps34 protein complex to modulate
protein-protein interactions within the complex, leading to sup-
pression of Vps34 activity, autophagosome biogenesis, and
autophagic flux. This work reveals a novel aspect of the intricate
mechanism for the Beclin 1-Vps34 protein-protein interaction
network to achieve precise control of autophagy.

Autophagy is an essential lysosomal degradation pathway
that eukaryotic cells employ to recycle cytoplasmic contents for
providing building blocks and energy. Macroautophagy, the
primary form of autophagy, referred to as autophagy hereafter,
is characterized by sequestration of the bulk of the protein-
and organelle-containing cytoplasm into de novo-generated,
double-membraned structures called autophagosomes (i.e.
autophagosome biogenesis) and subsequent fusion of autopha-
gosomes with late endosomes or lysosomes for degradation of
the enwrapped cytoplasmic contents (i.e. autophagosome mat-
uration) (1). Although autophagy deficiency has been impli-
cated in a broad spectrum of human diseases, including liver
diseases, cardiovascular diseases, cancer, and neurodegenera-
tion (2), hyperactive autophagy may lead to cell death (e.g. auto-
sis (3)). Therefore, autophagy must be tightly regulated for fit-
ness and survival.

Becn1, the ortholog of the yeast Vps30/Atg6 gene, is one of
the first discovered mammalian autophagy genes (4). Beclin 1,
encoded by Becn1, was originally reported as a Bcl-2-interacting
protein through a yeast two-hybrid screen of an adult mouse brain
cDNA library (5, 6). Beclin 1/Vps30 plays important roles in
autophagy regulation through its numerous interacting proteins.
In yeast, Vps30 forms two distinct protein complexes with Vps34,
the only known class III phosphatidylinositol (PI)2 3-kinase that
catalyzes the conversion of PI to phosphatidylinositol 3-phosphate
(PI3P) (7, 8). One Vps30-Vps34 complex is recruited to the preau-
tophagosomal structure by Atg14 (9) and functions to produce
PI3P during autophagosome biogenesis. The other Vps30-Vps34
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complex contains Vps38 and is involved in the vacuolar protein
sorting (Vps) pathway (10). Likewise, in mammals, Beclin 1 and its
interactors form multiple protein complexes for diverse functions
(reviewed comprehensively in Refs. 11–13). Some of the Beclin
1-interacting proteins, e.g. Vps34 (14), Atg14L (15, 16) (also named
Atg14 (17) and Barkor (18)), p110� (19), Ambra1 (20), VMP1 (21,
22), and HGMB1 (23), positively regulate autophagy. Others, e.g.
Rubicon (15, 16) and Bcl-2/XL (24), are negative regulators of
autophagy. In particular, Beclin 1 also forms two major protein
complexes with Vps34. One is the Atg14L-containing Beclin
1-Vps34 protein complex that is involved in autophagosome bio-
genesis (15–18, 25, 26), and the other is the ultraviolet irradiation
resistance-associated gene (UVRAG)-containing Beclin 1-Vps34
protein complex that is involved in endocytic trafficking (17, 27)
and, with some controversy, in autophagy regulation (17, 28). In
short, on the basis of the extensive investigation reviewed above, a
theme has emerged for the presence of a central autophagy regu-
lation hub composed of a dynamic Beclin 1-Vps34 protein-protein
interaction network.

Despite the importance of Beclin 1 in regulating autophagy
and in tumor suppression (4, 28 –32), development (20, 30, 33),
aging (34, 35), and neurodegeneration (36, 37), the molecular
details of how the Beclin 1-Vps34 protein-protein interaction net-
work regulates autophagy are not fully understood. In this work,
we set out to determine additional important players in the Beclin
1-Vps34 protein-protein interaction network and identified
nuclear receptor binding factor 2 (Nrbf2) as a Beclin 1-interacting
protein. Nrbf2 was originally reported to interact with nuclear
receptors as a coregulator (38, 39). Here we determined a novel
role for Nrbf2 in autophagy regulation through modulating the
Beclin 1-Vps34 protein-protein interaction network.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—NuPAGE� BisTris gels, Western
blot transfer buffer (catalog no. NP0006), MOP (catalog no.
NP0001) and MES (catalog no. NP0002) SDS running buffers,
NuPAGE� antioxidant (catalog no. NP0005), glutamine (cata-
log no. 25030), FBS (catalog no. 26140), SlowFade� Gold anti-
fade reagent (catalog no. S36937), Opti-MEM� I reduced
serum medium (catalog no. 31985), the Ambion� Micropoly
(A)PuristTM kit (catalog no. AM1919), the SuperScriptTM III
first-strand synthesize system for RT-PCR (catalog no. 18080-
051), SYBR� safe DNA gel stain (catalog no. S33102), the
pENTRTM directional TOPO� cloning kit (K2400-20), the
TOPO� TA cloning kit (catalog no. K450001), Lipofectamine
2000 (catalog no. 11668), Lipofectamine RNAi MAX (catalog
no. 13778), and ProLong� Gold antifade reagent (catalog no.
P36934) were purchased from Invitrogen. Restriction enzymes
and the quick ligation kit (catalog no. M2200S) were purchased
from New England BioLabs (Ipswich, MA). The TaKaRa LA
PCR kit 2.1 (catalog no. RR013A) and the pmCherry-C1 vector
(catalog no. 632524) were purchased from Clontech (Mountain
View, CA). The Wizard� Plus SV Minipreps DNA purification
system (catalog no. A1330) was purchased from Promega
(Madison, WI). The Plasmid Plus Maxi kit (catalog no. 12963)
and the RNeasy mini kit (catalog no. 74014) were purchased
from Qiagen (Valencia, CA). The iScriptTM cDNA synthesis kit
(catalog no. 170-8890) and SsoAdvancedTM Universal SYBR�

Green Supermix (catalog no. 172-5271) were purchased from
Bio-Rad. Bafilomycin A1 (Baf) from Streptomyces griseus (cat-
alog no. B1793), TCA (catalog no. T6399), BSA (catalog no.
A7906), and trypsin-EDTA solution (catalog no. T4049) were
purchased from Sigma. EDTA-free protease inhibitor mixture
tablets (catalog no. 11836170001) and PhosSTOP phosphatase
inhibitor mixture tablets (catalog no. 04906837001) were pur-
chased from Roche Diagnostics. Pierce Halt protease and phos-
phatase inhibitor mixture (catalog no. 78443), the subcellular
protein fractionation kit (catalog no. 78840), SuperSignal West
Pico chemiluminescent substrate (catalog no. 34080), Super-
Signal West Femto Maximum substrate (catalog no. 34096), the
micro BCA protein assay reagent kit (catalog no. 23235), and
Dharmacon siRNAs were purchased from Thermo Scientific
(Rockford, IL). The Immobilon-P 0.2-�m PVDF membrane
(catalog no. ISEQ00010) and 10� radioimmunoprecipitation
assay lysis buffer (catalog no. 20-188) were purchased from Mil-
lipore (Billerica, MA). The PI3P Mass StripTM kit (catalog no.
K-3600) and PI3P mass ELISA kit (catalog no. K-3300) were
purchased from Echelon Biosciences (Salt Lake City, UT).
DMEM (Cellgro 10-013-CV) was purchased from Corning
(Manassas, VA). L-leucine (catalog no. L2020-05) and DMEM
high glucose with pyridoxal�HCl without L-glutamine and leu-
cine (catalog no. D9816) were purchased from USBiological
(Marblehead, MA). Econo-Safe economical biodegradable
counting mixture (catalog no. 111175) was purchased from
Research Products International Corp. (Mount Prospect, IL).
Four-well slides coated with type I collagen (catalog no. 354557)
were purchased from BD Biosciences. Recombinant protein A
beads (catalog no. IPA-300) was purchased from Repligen
(Waltham, MA).

For Western blotting, Beclin 1 (H300) antibody (catalog no.
sc-11427, 1:500), Ulk1 (H-240) antibody (catalog no. sc-33182,
1:500), anti-rabbit IgG-HRP (catalog no. sc-2004) and anti-
mouse IgG-HRP (catalog no. sc-2005) antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Nrbf2
antibody (catalog no. A301-852A, 1:5000) and Vps15/p150 (cata-
log no. A302-571A, 1:4000) were purchased from Bethyl Labora-
tories (Montgomery, TX). Guinea pig anti-p62 antibody (catalog
no. 03-GP62-C, 1:1700) was purchased from American Research
Products (Waltham, MA). Anti-LC3 (clone 2G6) antibody (cata-
log no. 0260-100, 1:1000) was purchased from nanoTools Antikör-
pertechnik GmbH & Co. KG (Teningen, Germany). Phospho-p70
S6 kinase (Thr-389) antibody (catalog no. 9205, 1:1000), p70 S6
kinase antibody (clone 49D7) (catalog no. 2708, 1:1000), Vps34
antibody (clone D9A5) (catalog no. 4263, 1:1000), and Atg14L
antibody (catalog no. 5504, 1:1000) were purchased from Cell Sig-
naling Technology (Danvers, MA). Peroxidase-rabbit anti-guinea
pig IgG (H�L) was purchased from Invitrogen. Anti-�-actin
(clone AC-15) mouse monoclonal antibody (catalog no. A5441,
1:10,000) was purchased from Sigma.

For immunoprecipitation (IP), Atg14L (catalog no. PD026)
and UVRAG (catalog no. M160-3) antibodies were purchased
from MBL International (Woburn, MA). Vps34 antibody (cat-
alog no. Z-R015) was purchased from Echelon Biosciences.
Beclin 1 antibody (catalog no. A302-567A) was purchased from
Bethyl Laboratories).
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For immunofluorescent imaging, c-myc antibody (9E10, cat-
alog no. sc-40, 1:1000) was purchased from Santa Cruz Biotech-
nology, and FIP200 antibody (10043-2-AP, 1:400) was pursed
from ProteinTech Group, Inc. (Chicago, IL). Rhodamine Red-
XTM goat anti-mouse IgG (H�L, catalog no. R-6393) and Alexa
Fluor 488 goat anti-rabbit IgG (H�L) antibody (catalog no.
A11034) were purchased from Invitrogen.

Plasmid Construction—Total mRNA was isolated from
HepG2 cells and purified using the Micropoly (A)PuristTM kit.
Human Nrbf2 (Ensembl transcript ID ENST00000277746)
cDNA was PCR-amplified using the SuperScriptTM III first-
strand synthesize system. Full-length Nrbf2 inserts intended
for N- and C-terminal tagging were generated by N- and C-ter-
minal-specific primers, respectively. For N-terminal tagging,
the forward primer was 5� CAC CCA AAT GGA AGT AAT
GGA AGG AC 3�, and the reverse primer was 5� CTA ATT
ATT CAT AAA TCC TTT CAG AAT 3�. For C-terminal tag-
ging, the forward primer (#5) was 5� CAC CAT GGA AGT AAT
GGA AGG ACC CC 3�, and the reverse primer (#8) was 5� ATT
ATT CAT AAA TCC TTT CAG AAT AT 3�. To generate the
C-terminal tagged Nrbf2 truncation mutants M1-M6, the
reverse primers for M1 was 5� CTG CTC TGA CTG TGT CAG
CTT CAT GGC TT 3�, the forward primer for M2 was 5� CAC
CAT GGC CAT GAA GCT GAC ACA GTC AGA 3�, the
reverse primer for M3 was 5� GCT GTA CTT CTG AGA AAG
GGG ACT CTG 3�, the forward primer for M4 was 5� CAC
CAT GGC TCC TTC CAC AGA GAA ATG CCT G 3�, the
reverse primer for M5 was 5� ATC AGC ATC TAC ATC CAG
CTC CTT TTC 3�, and the reverse primer for M6 was 5� GGC
TTT GCT TCC AAT ACA TGG CTC TGC T 3�. These prim-
ers were used in combination with primers #5 and #8. Inserts
containing the cDNAs of full-length Nrbf2 and the truncation
mutants were originally inserted into the Gateway pENTRTM/
D-TOPO entry vector, and the correctness of the insertions was
confirmed by sequencing. C-terminal cycle 3 GFP-tagged full-
length Nrbf2 and the truncation mutants were generated using
the Gateway destination vector pcDNATM-DEST47. Full-
length Nrbf2 cDNA in the Gateway entry vector was amplified
using TaKaRa LA PCR kit 2.1 as well as forward primer 5� CCG
GCT AGA TCT ATG GAA GTA ATG GAA GGA CCC 3� and
reverse primer 5� CCG GCT GTC GAC TTA ATT ATT CAT
AAA TCC TT 3�. The Nrbf2 amplicon was later subcloned into
the pCR2.1-TOPO vector, excised using the restriction
enzymes BglII and SalI, and cloned into the mCherry-C1 vector
using the New England BioLabs quick ligation kit. All positive
clones were verified by restriction digestion and sequencing. All
oligonucleotides were synthesized by Integrated DNA Tech-
nologies. For cloning, all plasmid DNAs were prepared using
Escherichia coli DH5� or TOP10 cells and the Promega Wiz-
ard� Plus SV Minipreps DNA purification system. For transfec-
tion into mammalian cells, all plasmids were prepared using the
Qiagen Plasmid Plus Maxi kit.

Cell Culture and Biochemical Analyses—Unless noted other-
wise, RPE-1 cells were cultured in DMEM supplemented with
10% FBS, 100 units/ml penicillin, and 100 �g/ml streptomycin
in a cell culture incubator (set at 37 °C and 5% CO2). For over-
expression, cells at 70 – 80% confluency in 6-cm dishes were
transfected with 4 �g of mCherry C1 vector or human

mCherry-Nrbf2 plasmid using Opti-MEM� I reduced serum
medium and Lipofectamine 2000 following the instructions of
the manufacturer. Twenty-four hours after transfection, cells
were washed with PBS and cultured in either nutrient-rich or
starvation (i.e. 18 h serum starvation or 1 h Hanks’ buffer star-
vation) conditions in the presence or absence of 200 nM Baf for
18 h. Different cells showed different sensitivities in response to
Baf. We chose to treat RPE-1 cells with 200 nM Baf for 18 h in
this study because, in our hands, this treatment resulted in
prominent changes in LC3-phosphatidylethanolamine (i.e.
LC3II) levels in RPE-1 cells, whereas 2 h of 100 nM Baf treat-
ment had a minimal effect.

For siRNA treatments, cells were reverse-transfected with 20
nM of each siRNA using Opti-MEM� I reduced serum medium
and Lipofectamine RNAiMAX following the instructions of the
manufacturer. In brief, 6 – 8 � 105 cells were suspended in 3 ml
of DMEM supplemented with 10% FBS without antibiotics.
siRNAs were added to the cell suspensions to a final concentra-
tion of 20 nM each. These siRNAs were Dharmacon ON-
TARGETplus non-targeting siRNA pool (catalog no. D-
001810-10-20) and SMARTpool siRNA targeting human Nrbf2
(catalog no. L-014648-00-0005), Atg14L (catalog no. L-020438-
01-0005), Beclin 1 (catalog no. L-010552-00-0005), and Vps34
(catalog no. L-005250-00-0005). The sequence of the human
UVRAG siRNA was 5� UCA CUU GUG UAG UAC UGA AUU
3�, with the target sequence (28) underlined. The sequence of
the human Nrbf2 3�UTR siRNA was 5� UGU GAA AUG CGC
UGC GUA UUU 3�, with the target sequence underlined. The
cell-siRNA mixtures were seeded onto 6-cm dishes. Cells were
cultured for 48 –72 h before being subjected to either nutrient-
rich or starvation conditions in the presence or absence of 200
nM Baf for 18 h.

To harvest cells for biochemical analysis, cell monolayers
were washed with ice-cold PBS and collected on ice using
scrapers. Cell pellets were lysed on ice with 1� radioimmuno-
precipitation assay lysis buffer supplemented with protease and
phosphatase inhibitor mixture using 1-ml syringes and 27G1/2
needles. Cell lysates were centrifuged at 14,000 � g and 4 °C for
5 min, and the supernatant was used for Western blot analyses
on an equal protein basis (15– 40 �g). For resolving LC3II and
its un-lipidated precursor LC3I, cell lysates were run on 10 or
12% BisTris gels using MOP or MES buffer. For probing all
other proteins, cell lysates were run on 4 –12% BisTris gels
using MOP buffer. Proteins were transferred to PVDF mem-
branes using a Mini Trans-Blot apparatus (Bio-Rad) at 30 V
overnight in Western blot transfer buffer supplemented with
NuPAGE� antioxidant, 20% methanol (MeOH), and 0.025%
SDS. Membranes were then incubated with primary (at 4 °C
overnight) and secondary (at 25 °C for 1 h) antibodies, and sig-
nals were detected by SuperSignal West Pico/Femto chemilu-
minescent substrate. Films were exposed for various time peri-
ods and scanned using positive mode to ensure that data were
obtained within a linear range of exposure. The p62 (or LC3II)
levels were quantified using ImageJ and normalized to corre-
sponding actin levels. The p62 (or LC3II)/actin ratios were fur-
ther normalized to the samples with mCherry empty vector or
non-targeting siRNA treatments. Comparisons were made in
Microsoft Excel using one-sample, two-tailed Student’s t test.
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For subcellular fractionation, harvested cell pellets were pro-
cessed using the Pierce subcellular protein fractionation kit fol-
lowing the instructions of the manufacturer.

IP was carried out as reported (40). In brief, RPE-1 cells
grown in 10-cm dishes were transfected with different siRNA as
described above. After 48 h, cells were lysed with 1 ml of mild
lysis buffer (MLB) (10 mM Tris (pH 7.5), 2 mM EDTA, 100 mM

NaCl, 1% Nonidet P-40, 50 mM NaF, 1 mM Na3VO4, EDTA-free
protease inhibitor mixture (Roche), and Pierce Halt protease
and phosphatase inhibitor mixture). Cell lysates, except for
100-�l aliquots saved for probing the input, were used for IP.
Anti-Beclin 1, anti-Nrbf2, anti-Atg14L, and anti-Vps34 anti-
bodies were coupled with Repligen immobilized protein A-aga-
rose beads overnight at 4 °C in TBST (20 mM Tris (pH 8.0), 170
mM NaCl, and 0.05% Tween 20) supplemented with 1% BSA.
The immune complex was then added to cell lysates and incu-
bated at 4 °C for 3 h. The resulting beads were washed with
MLB five times before the antigen and their interacting pro-
teins were eluted by SDS-PAGE loading buffer.

Long-lived Protein Degradation—Long-lived protein degra-
dation was measured following a published protocol (41), with
minor modifications. In brief, RPE-1 cells were reverse-trans-
fected with 20 nM of non-targeting siRNA and human Nrbf2
SMARTpool siRNA using Opti-MEM� I reduced serum
medium and Lipofectamine RNAiMAX in either hot or cold
medium. The hot medium was composed of L-glutamine- and
leucine-free DMEM supplemented with 10% FBS, 4 mM L-glu-
tamine, 65 �M of cold L-leucine, and 1 �Ci/ml 3H-L-leucine.
The cold medium had all compositions of the hot medium
except for hot L-leucine. After being pulse-labeled for 24 h, cells
were washed twice with sterile PBS (at 25 °C) and cultured in
cold medium for 20 h to chase out short-lived proteins. Cells
were then washed twice with sterile PBS (at 25 °C) and cultured
in 2 ml of cold medium either without or with 10% FBS for 8 h
to degrade long-lived proteins. Long-lived protein degradation
was calculated from the TCA-soluble radioactivity of the
medium and the TCA-precipitated radioactivity of the cell
monolayers. A volume of 860 �l of medium was taken from
each plate and mixed thoroughly with 140 �l of 71.4% TCA
(final TCA concentration, 10%). The mixtures were incubated
on ice for 1 h before being centrifuged at 17,720 � g for 10 min
at 4 °C. An aliquot of 0.4 ml of the supernatant was mixed with 4
ml of scintillation counting mixture for measuring the content of
tritium in the medium using a scintillation counter. The total
counts in the supernatant were labeled as A. The cell monolayers
were washed with ice-cold PBS once. Cells were fixed to the plate
by 2 ml of ice-cold 10% TCA for 40 min at 4 °C. The cell monolay-
ers were washed with 2 ml of ice-cold 10% TCA once, lysed in 2 ml
of 0.2 M NaOH (prewarmed to 37 °C), and incubated at 37 °C for
1 h. An aliquot of 0.4 ml of the lysate was mixed with 4 ml of
scintillation counting mixture to measure the tritium content in
the cell monolayer. The total counts in the pellet were labeled as B.
The average rate of long-lived protein degradation during the 8 h
for degrading long-lived proteins was calculated as A / (A � B).
Data from three independent experiments were averaged, with
each experiment having triplicated samples. Comparisons were
made using analysis of variance.

Fluorescence Microscopy—RPE-1 cells were seeded in type I
collagen-coated 4-well slides at a density of 5 � 104 cells/well.
For transient expression, cells that had been seeded for 24 h
were transfected with a total of 1 �g of plasmids in each well
using Lipofectamine 2000 and Opti-MEM� I reduced serum
medium. Twenty-four hours after transfection of plasmids,
cells were washed once with Hanks’ buffer and cultured in
Hanks’ buffer at 37 °C in the presence of 5% CO2 for 1 h. Cells
were then fixed in 4% paraformaldehyde in PBS for 15 min,
permeabilized with 50 �g/ml digitonin for 10 min, and blocked
with 2% goat serum and 2% BSA in PBS for 30 min at 25 °C.
Cells were incubated in primary antibodies against c-myc and
FIP200, respectively, overnight at 4 °C, followed by dye-conju-
gated secondary antibodies for 1 h at 25 °C. After four washes,
the liquid in the wells was aspirated before the slides were
mounted with ProLong� Gold antifade reagent and 1.5 mm-
thick coverglass. Confocal fluorescent images were collected on
a Nikon A1 confocal microscope equipped with an Apo TIRF
60� oil objective lens (numerical aperture 1.49) and quantified
manually using Nikon NIS-Elements AR 3.2 software. Cells
with low to medium expression levels and with good morphol-
ogy were imaged. Image intensity levels were processed linearly
to enhance contrast. Comparisons were made in Microsoft
Excel using two-sample, two-tailed Student’s t test.

Protein-Lipid Overlay and ELISA Assays—Extraction and
detection of total intracellular PI3P were carried out using a
PI3P mass strip kit and a PI3P mass ELISA kit following the
instructions of the manufacturer. To extract the acidic lipids
including PI3P, cells were first fixed with 0.5 M ice-cold TCA on
ice for 5 min. Fixed cells were harvested on ice using scrapers.
The cell suspension was centrifuged at 1500 rpm for 5 min at
4 °C, and cell pellets were washed twice with 5% TCA in the
presence of 1 mM EDTA. Neutral lipids were extracted with
MeOH:chloroform (CHCl3) (2:1) for 10 min at 25 °C, vortexing
three times. After centrifugation at 1500 rpm for 5 min at 4 °C,
the supernatant containing neutral lipids was discarded.
Extraction and removal of neutral lipids were repeated once.
Acidic lipids, including PI3P, were then extracted by CHCl3:
MeOH:12 M HCl (40:80:1) for 15 min at 25 °C, vortexing four
times. After centrifugation at 1500 rpm for 5 min at 4 °C, the
supernatant containing acidic lipids was transferred to new
tubes. CHCl3 and 0.1 M HCl were added sequentially to the
supernatant. The tubes were vortexed and then centrifuged at
1500 rpm for 5 min at 4 °C. The organic (lower) phase contain-
ing acidic lipids was transferred to new tubes and dried in a
vacuum dryer. Cell pellets were lysed by incubation in 0.1 M

NaOH overnight in a 37 °C shaker. The protein concentrations
of lysates were measured by a Micro BCA protein assay reagent
kit following the instructions of the manufacturer.

To carry out the protein-lipid overlay assay, dried acidic lip-
ids were reconstituted with 10 �l of CHCl3:MeOH:H2O (1:2:
0.8). The samples were vortexed and sonicated in an ice water
bath. Lipid solutions were spotted onto PI3P strips and dried at
25 °C. The strips were blocked with 3% BSA and then incubated
with 5 �g of PI3P-binding protein. The PI3P spots were
detected with SuperSignal West Femto Maximum substrate.
Intracellular PI3P levels were quantified using ImageJ and nor-
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malized to total protein levels. Comparisons were made in
Microsoft Excel using two-sample, one-tailed Student’s t test.

To measure total intracellular PI3P by quantitative and com-
petitive ELISA assay, dried acidic lipids were reconstituted in
PBST (PBS and 0.05% Tween 20) with 3% protein stabilizer.
Reconstituted samples were incubated with PI3P detector pro-
tein before being transferred to a microplate precoated with
PI3P for competitive binding. A peroxidase-conjugated anti-
body against PI3P detector protein was added, and colorimetric
detection was carried out to determine PI3P detector protein
binding on the microplate. Total intracellular PI3P quantities
were calculated using the standard curve from logarithmic fit-
ting of manufacturer-supplied PI3P standards and normalized
to total protein levels. Comparisons were made in Microsoft
Excel using one-tailed, paired Student’s t test.

Sequence Alignment—Sequence alignment was carried out in
the Biology Workbench using ClustalW and ClustalWPROF with
default settings. The results were displayed using TEXSHADE.

Quantitative RT-PCR (qRT-PCR)—RPE-1 cells that were
reverse-transfected with non-targeting, SMARTpool, and
3�UTR Nrbf2 siRNA were seeded into 60-mm dishes and cul-
tured for 48 h before total mRNA was extracted using the Qia-
gen RNeasy mini kit following the instructions of the manufac-
turer. Purified mRNA (1 �g) from each sample was converted
to cDNA in 20-�l reaction mixtures using the iScriptTM cDNA
synthesis kit following the protocols of the manufacturer. Sub-
sequent qRT-PCR of target transcripts was performed in 20-�l
reaction mixtures, each composed of 2 �l (20 ng) of cDNA, 10
�l of SsoAdvancedTM Universal SYBR� Green Supermix, 1–2
�l of qRT-PCR primer probe set, and 6 –7 �l of nuclease-free
water. The qRT-PCR primers used for human p62/SQSTM1
transcript (Hs.PT.56a.40413286.g, 5� GGA GGA GAT GAT
GAC TGG AC 3� (forward) and 5� CAG AGA GCT TGG CCC
TTC 3� (reverse)) and the control human ACTB transcript
(Hs.PT.56a.19461448.g, 5� GCG AGA AGA TGA CCC AGA T
3� (forward) and 5� CCA GTG GTA CGG CCA GA 3� (reverse))
were purchased from Integrated DNA Technologies. Forty
cycles of amplification were performed in a Stratagene
Mx3005P QPCR system (Agilent Technologies) according to
the specifications of the manufacturer. Three replicates were
performed for each probe-cDNA combination. The fold
change of the human p62/SQSTM1 transcript in response to
the SMARTpool or 3�UTR Nrbf2 siRNA treatment was calcu-
lated from the cycle number at the threshold SYBR� Green
signal (Ct) as follows:

p62 transcript fold change �
2(Ctnon-targeting siRNA,p62 � CtNrbf2 siRNA,p62)

2(Ctnon-targeting siRNA,ACTB � CtNrbf2 siRNA,ACTB).

(Eq. 1)

Note that, in this equation, ACTB was used as the control to
account for the variations in the total mRNA quantity.

RESULTS

Identification of Nrbf2 as a Beclin 1-interacting Protein—Uti-
lizing the bacterial artificial chromosome technique, we previ-
ously generated compound mouse Becn1-EGFP/�;Becn1�/�,
which expressed Beclin 1-EGFP under the endogenous Becn1

promoter and in the genetic background of the homozygous
Beclin 1 knockout mouse Becn1�/� (15). Remarkably, Beclin
1-EGFP rescued embryonic lethality of Becn1�/�, suggesting
that the transgene is functional in the compound mouse (15).
We previously also affinity-purified and mass spectrometrically
identified a number of Beclin 1-interacting proteins from the
brain and liver of the rescued mice, including Vps34, Vps15,
UVRAG, Atg14L, and Rubicon (Fig. 1b in Ref. 15). One addi-
tional Beclin 1-interacting protein with an apparent mass of 38
kDa was identified as Nrbf2 (mass spectra not shown). Here,
using an anti-GFP antibody to perform reciprocal IP in HEK
293 cells stably expressing Nrbf2-EGFP, we showed that Nrbf2-
EGFP was capable of pulling down endogenous Beclin 1 and
Vps34 under both nutrient-rich and serum starvation condi-
tions (Fig. 1a), confirming the Nrbf2-Beclin 1 interaction.
Moreover, to assess endogenous interactions between Nrbf2
and the core of the Beclin 1-Vps34 protein-protein interaction
network, we used an anti-Nrbf2 antibody to perform IP from
the retinal pigment epithelium cell line RPE-1 cultured under
nutrient-rich conditions. Our result shows that anti-Nrbf2
antibody was capable of pulling down endogenous Beclin 1,
Vps34, and Vps15 from RPE-1 cells transfected with non-tar-
geting siRNA but not from RPE-1 cells transfected with Nrbf2
siRNA (Fig. 1b). This result suggests that, at endogenous levels,
Nrbf2 interacts with the core of the Beclin 1-Vps34 protein-
protein interaction network. The Nrbf2-Beclin 1 interaction
was also discovered independently by Harper and co-workers
in a large scale proteomic study of the human autophagy net-
work (42). Taken together, our results demonstrate that Nrbf2
is a component of the Beclin 1-Vps34 protein-protein interac-
tion network.

The human Nrbf2 protein is 287 amino acids long. It has an
N-terminal microtubule-interacting and trafficking (MIT)
domain (amino acids 8 –52) that has been reported in vacuolar
sorting proteins and a C-terminal domain of unknown function
(DUF1875, amino acids 45–287) that contains a coiled-coil
domain (CCD, amino acids 167–215) for protein-protein inter-
actions (Fig. 1, c and d). To determine which domain of Nrbf2
interacts with Beclin 1, we generated C-terminal GFP-tagged
full-length and truncation mutants of Nrbf2 (Fig. 1c). We tran-
siently transfected HepG2 cells with these constructs and per-
formed anti-GFP IP from cell extracts. Our result shows that
full-length Nrbf2 and truncation mutants M3 (amino acids
1–120), M5 (amino acids 1–220), and M6 (amino acids 1–160)
pulled down endogenous Beclin 1. In contrast, truncation
mutants M1 (amino acids 1–52), M2 (amino acids 45–287), and
M4 (amino acids 120 –287) were largely unable to pull down
endogenous Beclin 1 (Fig. 1e, Beclin 1 short exposure), suggest-
ing that the N terminus of Nrbf2 (i.e. amino acids 1–120) is
important for Nrbf2-Beclin 1 interaction. To detect any trace of
M1/M2/M4 mutant Nrbf2-Beclin 1 interaction, we exposed the
film for a longer time and found that a small amount of endog-
enous Beclin 1 was pulled down by the truncation mutants M2
and M4 but not M1 (Fig. 1e, Beclin 1 long exposure). Interest-
ingly, full-length Nrbf2 and truncation mutants M2, M4, and
M5, all of which contain the CCD, pulled down endogenous
Nrbf2 (Fig. 1e), suggesting that Nrbf2 is likely capable of self-
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association through its CCD. Therefore, our observation that a
small amount of endogenous Beclin 1 was pulled down by M2
and M4 likely resulted from the CCD-mediated interactions
between the truncation mutant M2/M4 and the full-length
Nrbf2. Taken together, our results suggest that the N terminus
of Nrbf2 (i.e. amino acids 1–120, including both the MIT
domain and amino acids 53–120) is necessary and sufficient for
the Nrbf2-Beclin 1 interaction.

Nrbf2 Negatively Regulates Autophagic Flux—Because the
Beclin 1-Vps34 protein-protein interaction network is a key
regulatory hub for autophagy, we next assessed the role of
Nrbf2 on autophagic activity. To do that, we carried out three
widely used autophagic flux assays. The first involved mea-
suring the steady-state levels of p62/SQSTM1 protein, an adap-
tor for delivering autophagy substrates to autophagosomes
while the adaptor itself is degraded along with the substrates in
autolysosomes (43). We treated RPE-1 cells with non-targeting
siRNA, a pool of four siRNAs against the ORFs of human Nrbf2
(SMARTpool Nrbf2 siRNA), or a single siRNA against the 3�
untranslated region (3�UTR) of human Nrbf2. Our data show
that treating cells with either the SMARTpool or the 3�UTR
Nrbf2 siRNA, compared with non-targeting siRNA, decreased
p62 protein levels under both nutrient-rich and Hanks’ buffer
starvation conditions (Fig. 2a). We further examined whether
decreased p62 protein levels upon Nrbf2 siRNA treatments
resulted from reduced p62 transcript levels. To do that, we per-
formed RNA sequencing (RNA-Seq) analysis of RPE-1 cells
treated with non-targeting, SMARTpool, and 3�UTR Nrbf2
siRNAs. We found that p62 transcripts were highly abundant in
RPE-1 cells and not significantly changed upon Nrbf2 siRNA
treatment (data not shown). We also performed qRT-PCR
analysis of RPE-1 cells treated with non-targeting, SMART-
pool, and 3�UTR Nrbf2 siRNAs. Our results confirm that p62
transcripts in RPE-1 cells were not significant changed upon
Nrbf2 siRNA treatment (Fig. 2b). Therefore, the reduction in
the p62 protein levels in the Nrbf2-deficient RPE-1 cells was
likely the result of an increased autophagic flux. Moreover, we
observed a similar decrease of p62 protein levels in the HepG2
cells treated with either SMARTpool or 3�UTR Nrbf2 siRNA
compared with non-targeting siRNA (Fig. 2c), suggesting that
the increase of autophagic flux in response to Nrbf2 deficiency
is likely a common phenomenon for human cells. Therefore, in
the rest of the study, we focused on RPE-1 cells. Of note,
although the SMARTpool Nrbf2 siRNA depleted Nrbf2 protein
more effectively than the 3�UTR Nrbf2 siRNA in both RPE-1
and HepG2 cells, the 3�UTR Nrbf2 siRNA reduced p62 protein
levels more effectively than the SMARTpool Nrbf2 siRNA (Fig.
2, a and c). It is possible that either 3�UTR Nrbf2 siRNA has an
off-target effect that increases p62 degradation by the ubiquitin
proteasome system or that the SMARTpool Nrbf2 siRNA has

an off-target effect that decreases p62 degradation by the ubiq-
uitin proteasome system. We have no data to favor one over the
other. Therefore, we chose to use the SMARTpool Nrbf2
siRNAs hereafter, solely on the basis of knockdown efficiency.
In addition, Nrbf2 siRNA (compared with non-targeting
siRNA) decreased p62 protein levels under serum starvation
conditions (Fig. 2d), similar to the observation under either
nutrient-rich or Hanks’ buffer starvation conditions, suggesting
that the increase of autophagic flux in response to Nrbf2 defi-
ciency is likely a common phenomenon for different nutrient
conditions. Therefore, in the rest of the study, we used either
Hanks’ buffer starvation or serum starvation.

The second autophagic flux assay involves monitoring the
changes in the levels of LC3II in response to lysosomal inhibi-
tors (e.g. Baf, an inhibitor of the vacuolar H�-ATPase and,
therefore, lysosomal acidification and autophagosome-lyso-
some fusion (44 – 46)). Using this assay, we observed that, under
both nutrient-rich and serum starvation conditions, transfect-
ing Nrbf2 siRNA (compared with non-targeting siRNA) led to a
greater increase in the LC3II levels in response to Baf, suggest-
ing that Nrbf2 deficiency increases autophagic flux (Fig. 2e).
Conversely, overexpressing mCherry-tagged Nrbf2 (compared
with mCherry empty vector) led to a smaller increase in the
LC3II levels upon Baf treatment, suggesting that Nrbf2 overex-
pression decreases autophagic flux (Fig. 2f).

The third autophagic flux assay directly measured the rate of
long-lived protein degradation by pulse-chasing with a radio-
actively labeled amino acid (e.g. 14C-Leu). Our data show that,
compared with non-targeting siRNA, Nrbf2 siRNA treatment
increased long-lived protein degradation under both nutrient-
rich and serum starvation conditions (Fig. 2g). Collectively,
these autophagic flux data suggest that Nrbf2 negatively regu-
lates basal and starvation-induced autophagy.

Nrbf2 Is a Component of the Atg14L-containing Beclin
1-Vps34 Protein Complex—Because we identified Nrbf2 as a
Beclin 1-interacting protein and because it is well known that
there are at least two Beclin 1-Vps34 protein complexes, we
asked with which Beclin 1-Vps34 protein complex Nrbf2 was
associated. The two main Beclin 1-Vps34 protein complexes
contain exclusively Atg14L or UVRAG, with the Atg14L-con-
taining complex known to be involved in autophagosome bio-
genesis (15–18, 25, 26). We first tested whether Nrbf2 was asso-
ciated with the Atg14L-containing Beclin 1-Vps34 protein
complex. To do that, we transiently transfected cells with
EGFP-tagged full-length Atg14L or mutant Atg14L with either
the first or both of the CCDs deleted (labeled �CCD1 and
�CCD1�CCD2, respectively) (15) and performed anti-GFP IP.
Our data show that EGFP-tagged full-length Atg14L, but not
the �CCD1 or �CCD1�CCD2 mutant of Atg14L, pulled down

FIGURE 1. Identification of Nrbf2 as a novel Beclin 1-interacting protein. a, anti-EGFP antibody pulled down endogenous Beclin 1 and Vps34 in HEK293 cells stably
expressing mouse Nrbf2-EGFP under both nutrient-rich and serum starvation conditions. Immunoprecipitated Nrbf2-EGFP and EGFP were labeled in the anti-GFP
blot. b, anti-Nrbf2 antibody pulled down endogenous Beclin 1, Vps34, and Vps15 from RPE-1 cells transfected with non-targeting siRNA but not from those transfected
with the SMARTpool Nrbf2 siRNA. Of note, both cell extracts before IP (INPUT) contain similar levels of Beclin 1, Vps34, Vps15, and actin. c, human Nrbf2 domain
structures and diagrams of the C-terminal Cycle3 GFP-tagged full-length (FL) human Nrbf2 and truncation mutants (M1-M6) of Nrbf2. d, sequence alignment of the
Nrbf2 MIT and CCD domains from different species. The five conserved leucines in the CCD are marked by red asterisks. Note that Atg38, the yeast ortholog of Nrbf2,
has low sequence homology to the mammalian Nrbf2, particularly lacking the abovementioned five leucines in the CCD. e, anti-GFP IP of Cycle3 GFP-tagged full-length
and mutant human Nrbf2 constructs from HepG2 cells revealed that the N-terminal 120 residues of Nrbf2 were required and sufficient for the Nrbf2-Beclin 1
interaction. Red asterisks mark the IgG bands. GFP-tagged full-length and mutant Nrbf2 constructs in the INPUT were probed with anti-GFP antibody.
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FIGURE 2. Characterization of Nrbf2 as a negative regulator of autophagic flux under both nutrient-rich and starvation conditions in human cell lines.
Western blot analysis of p62 in RPE-1 (a) and HepG2 (c) cells transfected with non-targeting control (Ctl) siRNA, human SMARTpool (sp) and 3�UTR Nrbf2 siRNAs showed
decreased p62 levels upon Nrbf2 siRNA treatment. a, cells were grown under nutrient-rich or 1-h Hanks’ buffer starvation conditions. c, cells were grown under
nutrient-rich conditions. b, qRT-PCR quantification of the relative p62 transcript levels in the RPE-1 cells transfected with Ctl, Nrbf2 sp, and Nrbf2 3�UTR siRNAs. d,
Western blot analysis of p62 levels in RPE-1 cells transfected with Ctl or Nrbf2 sp siRNA showed decreased p62 levels upon Nrbf2 siRNA treatment under both
nutrient-rich and 18-h serum starvation conditions. e, Western blot analysis of LC3II levels in RPE-1 cells transfected with Ctl siRNA or Nrbf2 sp siRNA and treated either
without or with 200 nM Baf showed a greater Baf-induced increase of LC3II levels upon Nrbf2 siRNA treatment under both nutrient-rich and 18-h serum starvation
conditions. f, Western blot analysis of LC3II levels in RPE-1 cells transfected with mCherry empty vector or mCherry-tagged human Nrbf2 and treated either without or
with 200 nM Baf showed a lesser Baf-induced increase of LC3II levels upon Nrbf2 overexpression under both nutrient-rich and 18-h serum starvation conditions. The
statistical significance for the LC3II assays in e and f is lower than that for the p62 assay in d, likely because of fewer numbers of independent experiments. g, the
long-lived protein degradation rate increased upon Nrbf2 siRNA treatment under both nutrient-rich and serum starvation conditions. For all quantifications, means �
S.E. were plotted with means labeled.
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endogenous Nrbf2 (Fig. 3a), suggesting that Nrbf2 interacts
with Atg14L in an Atg14L CCD-dependent manner.

We then tested whether Nrbf2 and Atg14L colocalized. Our
data show that ectopically expressed mCherry-Nrbf2 and
Atg14L-EGFP largely colocalized on punctate structures in
RPE-1 cells under both nutrient-rich and serum starvation con-
ditions (Fig. 3b, arrows; quantified in Fig. 3c). This result is
consistent with the presence of the Nrbf2-Atg14L interaction.

To dissect the role of the Nrbf2-Atg14L interaction, we per-
formed anti-Beclin 1 IP from RPE-1 cells treated with non-
targeting, Nrbf2, Atg14L, or UVRAG siRNA. Our data show
that Atg14L, but not UVRAG, was required for the Beclin
1-Nrbf2 interaction (Fig. 3d, lanes 7 and 8). In contrast, Nrbf2
was not required for the interaction of Beclin 1 with Atg14L,
UVRAG, Vps34, or Vps15 (Fig. 3d, lane 6). We further per-
formed anti-Nrbf2 IP from RPE-1 cells treated with non-target-
ing, Nrbf2, Atg14L, or Vps34 siRNA. Our data show that Nrbf2
pulled down not only Beclin 1, Vps34, and Vps15 but also
Atg14L. However, Nrbf2 was unable to pull down UVRAG (Fig.
3e, lane 5). Our data also show that anti-Nrbf2 IP from RPE-1
cells treated with Atg14L siRNA was unable to pull down Beclin
1 (Fig. 3e, lane 7) even though Beclin 1 was reasonably stable in
the absence of Atg14L (Fig. 3e, lane 3), confirming the require-
ment of Atg14L for the Beclin 1-Nrbf2 interaction. In addition,
anti-Nrbf2 IP from RPE-1 cells treated with Atg14L siRNA was
also unable to pull down Vps15 and only capable of pulling
down a small fraction of Vps34 (Fig. 3e, lane 7), even though
both Vps34 and Vps15 were stable in the absence of Atg14L
(Fig. 3e, lane 3). These results suggest that the association of
Nrbf2 with the Beclin 1-Vps34 protein complex is primarily
mediated by Atg14L and that Nrbf2 is largely associated with
the Atg14L-containing, rather than the UVRAG-containing,
Beclin 1-Vps34 protein complex.

We reported previously that ectopically coexpressed Beclin 1
and Atg14L colocalized on cytosolic punctate structures that
were enwrapped with double membranes and contained elec-
tron-dense materials, consistent with a role for the Atg14L-
containing Beclin 1-Vps34 protein complex in autophagosome
biogenesis (15). Here we further showed that, in RPE-1 cells
transiently cotransfecting with Nrbf2-EGFP, FLAG-Beclin 1,
and Atg14L-AsRed, Nrbf2-EGFP localized on the FLAG-Beclin
1- and Atg14L-AsRed-positive cytosolic puncta known to be
wrapped by double membranes (Fig. 3f). Therefore, our data
collectively suggest that Nrbf2 is primarily associated with the
Atg14L-containing Beclin 1-Vps34 protein complex that is
known to participate in autophagosome biogenesis.

Nrbf2 Is Involved in Autophagosome Biogenesis—We directly
examined whether Nrbf2 was involved in autophagosome bio-

genesis. Using subcellular fractionation, we first showed that, in
HEK293 cells stably expressing Nrbf2-EGFP, Nrbf2-EGFP was
primarily present in the cytosol fraction (Fig. 4a) and so was
endogenous Nrbf2 in untransfected HEK293 cells (Fig. 4b).

Moreover, using confocal microscopy, we found that, under
nutrient-rich conditions, ectopically expressed Nrbf2-EGFP is
primarily diffused in the cytosol, forming only a small number
of cytoplasmic puncta. In contrast, upon 1 h starvation in
Hanks’ buffer, the number of cytoplasmic Nrbf2-EGFP puncta
increased significantly (Fig. 4c). During autophagosome bio-
genesis, Atg14L localizes to the rough endoplasmic reticulum
(25) and, specifically, the endoplasmic reticulum-mitochon-
drion contact site (47), leading to the recruitment of Beclin 1
and Vps34 and subsequent production of PI3P in a Ulk1-
FIP200 protein complex-dependent manner (25, 26) at the
autophagosome initiation site (often referred to as isolation
membrane, also termed omegasome because of its 	 shape
(48)). Ulk1 and Atg5, which synchronously form puncta in a
PI3P-independent manner (49), accumulate in a PI3P-depen-
dent manner at the PI3P-enriched autophagosome initiation
sites (50). Subsequently, the Atg12-Atg5 and LC3-phosphati-
dylethanolamine ubiquitin-like conjugation systems were
recruited and assembled, leading to the expansion of isolation
membranes. Therefore, to further characterize the starvation-
induced Nrbf2 punctate structures, we examined the presence
of isolation membrane markers on these structures. Of note,
because starvation resulted in considerably more Nrbf2 puncta
than nutrient-rich conditions, we monitored the colocalization
of fluorescently tagged Nrbf2 and isolation membrane markers
in cells only under starvation conditions. We showed that
ectopically expressed mCherry-Nrbf2, but not mCherry alone,
colocalized with EGFP-Atg5 (Fig. 4d) and that ectopically
expressed Nrbf2-EGFP, but not EGFP alone, colocalized with
myc-Ulk1 (Fig. 4e). We further showed that ectopically
expressed mCherry-Nrbf2, but not mCherry alone, colocalized
with endogenous FIP200 (Fig. 4f). Taken together, our results
demonstrate colocalization of Nrbf2 with the isolation mem-
brane markers Atg5, Ulk1 and FIP200, suggesting the involve-
ment of Nrbf2 in autophagosome biogenesis.

Because the Ulk1-FIP200 protein complex is critical for
initiating autophagosome biogenesis, we next investigated
whether the Ulk1 kinase activity or FIP200 was required for form-
ing the Nrbf2 puncta. Ulk1 K46I has been reported to be a domi-
nant negative mutation, impairing Ulk1 kinase activity (51). Simi-
larly, loss of FIP200 has been reported to compromise Ulk1
stability, localization, and activity (26, 52, 53). We showed that
Nrbf2-EGFP puncta formed in both RPE-1 cells overexpressing
Ulk1 K46I mutant (Fig. 4g) and FIP200�/� mouse embryonic

FIGURE 3. Nrbf2 is a component of the Atg14L-containing Beclin 1-Vps34 protein complex. a, transiently expressed, EGFP-tagged, full-length Atg14L, but not the
CCD-deletion mutants of Atg14L, pulled down endogenous Nrbf2 in HeLa cells. Immunoprecipitated EGFP-tagged full-length and mutant Atg14L were probed with
anti-GFP antibody. b, ectopically expressed mCherry-tagged human Nrbf2 colocalized with Atg14L-EGFP on punctate structures (arrows) in RPE-1 cells under nutrient-
rich and 18-h serum-starvation conditions. In contrast, mCherry alone showed diffused cytoplasmic and nuclear localization. Scale bars � 10 �m. c, quantification of
colocalization of mCherry or mCherry-Nrbf2 with Atg14L-EGFP as measured by the percentage of Atg14L-EGFP puncta that were either mCherry- or mCherry-Nrbf2-
positive. Cells with more than five Atg14L-EGFP puncta were used for quantification. The numbers of cells used for quantification were five (for mCherry, nutrient-rich),
seven (for mCherry, serum starvation), nine (for mCherry-Nrbf2, nutrient-rich), and seven (for mCherry-Nrbf2, serum starvation). These cell numbers are sufficient to
reveal a statistical significance of colocalization between mCherry-Nrbf2 and Atg14L-EGFP using two-tailed Student’s t test. d, anti-Beclin 1 IP from RPE-1 cell treated
with non-targeting, Nrbf2, Atg14L, or UVRAG siRNA. e, anti-Nrbf2 IP from RPE-1 cells treated with non-targeting, Nrbf2, Atg14L, or Vps34 siRNA. Note that Vps34 siRNA
treatment led to unstable Nrbf2, Beclin 1, Atg14L, UVRAG, and Vps15, whereas Atg14L siRNA treatment only slightly destabilized Beclin 1 and did not destabilize Nrbf2,
UVRAG, Vps34, or Vps15. d and e, interactions that required Atg14L are marked by blue asterisks. f, ectopically expressed Nrbf2-EGFP, Atg14L-AsRed, and FLAG-Beclin
1 colocalized on punctate structures in RPE-1 cells under 1-h Hanks’ buffer starvation conditions. Scale bars � 20 �m.
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fibroblasts (MEFs) (Fig. 4h). These results suggest that, in contrast
to the Atg14L puncta, which cannot form in either HEK293 cells
overexpressing dominant negative Ulk1 K46N mutant (25) or
FIP200�/� MEFs (26), the Nrbf2 puncta were able to form inde-
pendently of the Ulk1 kinase activity or FIP200.

Nrbf2 Suppresses Intracellular PI3P Levels—The conversion
of PI to PI3P by Vps34 is important for autophagosome forma-
tion in both yeast and mammals (7, 8, 14). Because our data
presented above suggest that Nrbf2 is a component of the
Atg14L-containing Beclin 1-Vps34 protein complex, we
hypothesized that Nrbf2 may negatively regulate autophagic
flux through suppressing the lipid kinase activity of Vps34. Uti-
lizing an EGFP-2�FYVE plasmid that contains two consecu-
tive specific PI3P-binding Fab1/YOTB/Vac1/EEA1 (FYVE)
motifs (54, 55), we showed that ectopically expressed mCherry-
Nrbf2, but, to a significantly lesser degree, mCherry alone, colo-
calized with EGFP-2�FYVE on punctate structures under
serum starvation conditions, suggesting localization of Nrbf2
on PI3P-enriched lipid domains (Fig. 5a).

To investigate whether Nrbf2 modulates intracellular PI3P
levels, we initially used a semiquantitative protein-lipid overlay
assay to monitor intracellular PI3P levels in RPE-1 cells treated
with non-targeting or Nrbf2 siRNA. The dot blot (layout shown
in Fig. 5b) clearly shows that the protein-lipid overlay assay
specifically recognized PI3P but not PI, PIP3, PIP2s, or other
phosphatidylinositol phosphates (Fig. 5c, lane 3). Because we
and others reported previously that Atg14L facilitates Vps34
lipid kinase activity (15, 18, 25), here we used Atg14L siRNA as
a control. Our data demonstrate that Atg14L deficiency
resulted in significantly decreased intracellular PI3P levels
under serum starvation conditions (Fig. 5d), consistent with
previous reports (15, 18, 25). We further showed that Nrbf2
deficiency, contrary to Atg14L deficiency, led to increased
intracellular PI3P levels (p � 0.002 for nutrient-rich conditions
and p � 0.1 for serum starvation conditions) (Fig. 5d). Because
the PI3P mass strip kit for the protein-lipid overlay assay was
discontinued by the company during our study, we later mon-
itored intracellular PI3P levels using a replacement PI3P ELISA
assay. Our ELISA data show that knocking down Nrbf2 by
either the SMARTpool or 3�UTR Nrbf2 siRNA resulted in sig-
nificantly increased intracellular PI3P levels under serum star-
vation conditions, whereas, under nutrient-rich conditions, the
effect of Nrbf2 deficiency on intracellular PI3P levels was unde-
tectable (Fig. 5e). Because ELISA assays are generally thought to

be more quantitative than dot blot assays (e.g. the protein-lipid
overlay assay), collectively, our results suggest that Nrbf2 sup-
presses intracellular PI3P levels under starvation conditions,
likely through suppressing the Vps34-catalyzed conversion of
PI to PI3P, leading to negative regulation of autophagic flux.

Nrbf2 Is Required for the Atg14L-Vps34/Vps15 Interactions—
To further investigate the mechanism by which Nrbf2 regulates
Vps34 activity, we performed IP to determine whether Nrbf2 was
required for protein-protein interactions within the Atg14L-con-
taining Beclin 1-Vps34 protein complex. We first performed IP of
endogenous Atg14L from RPE-1 cells treated with non-targeting,
Nrbf2, Beclin 1, Vps34, or UVRAG siRNA. Our data show that,
consistent with the literature (15, 17), both Atg14L and UVRAG
were unstable upon Beclin 1 or Vps34 siRNA treatment (Figs. 6a,
INPUT, lanes 3 and 4). We also observed that Atg14L was unable
to pull down Nrbf2 upon Beclin 1 or Vps34 siRNA treatment (Fig.
6a, IP: Atg14L, lanes 8 and 9), which primarily reflected the loss of
Atg14L as a result of Beclin 1 or Vps34 deficiency rather than the
requirement of Beclin 1 or Vps34 for the Atg14L-Nrbf2 interac-
tion. In addition, our data show that Atg14L was unable to pull
down UVRAG (Fig. 6a, IP: Atg14L, lane 6), consistent with the
notion that UVRAG and Atg14L are mutually exclusive (17, 56).
Most importantly, despite the fact that Atg14L, Vps34 and Vps15
proteins were stable upon Nrbf2 siRNA treatment (Fig. 6a,
INPUT, lanes 1 and 2), endogenous Atg14L pulled down much less
Vps34 or Vps15 upon Nrbf2 siRNA treatment compared with
non-targeting siRNA treatment (Fig. 6a, IP: Atg14L, lanes 6 and 7),
suggesting that Nrbf2 is required for the Atg14L-Vps34/Vps15
interactions. Of note, our data also show that Nrbf2 was minimally
needed for the Beclin 1-Atg14L interaction (Fig. 3d, IP: Beclin 1,
lanes 5 and 6, and Fig. 6a, IP: Atg14L, lanes 6 and 7).

To further examine the requirement of Nrbf2 for the
Atg14L-Vps34 interaction, we performed IP of endogenous
Vps34 from RPE-1 cell treated with non-targeting, Nrbf2, or
Beclin 1 siRNA. Our data show that the Vps34-UVRAG inter-
action was not changed upon Nrbf2 siRNA treatment (Fig. 6b,
IP: Vps34, lanes 4 and 5). In contrast, despite the fact that both
Atg14L and Vps34 proteins were stable upon Nrbf2 siRNA treat-
ment (Fig. 6b, INPUT, lanes 1 and 2), endogenous Vps34 pulled
down much less Atg14L upon Nrbf2 siRNA treatment compared
with non-targeting siRNA treatment (Fig. 6b, IP: Vps34, lanes 4
and 5). These results further support the hypothesis that Nrbf2 is
required for the Atg14L-Vps34 interaction. In addition, Nrbf2
appears to be required for the Beclin 1-Vps34 interaction to a

FIGURE 4. Nrbf2 forms cytoplasmic puncta that are positive for isolation membrane markers in RPE-1 cells, particularly under starvation conditions.
Subcellular fractionation revealed that both stably expressed Nrbf2-EGFP (a) and endogenous Nrbf2 (b) were primarily localized in the cytosol in HEK293 cells
under nutrient-rich conditions. A1, cytosolic fraction as marked by SOD1; A2, membrane fraction as marked by EGFR; A3, soluble nuclear fraction as marked by
SP1; A4, chromatin-bound nuclear fraction as marked by histone H3; A5, cytoskeletal fraction; A6, pellet fraction. c, ectopically expressed Nrbf2-EGFP formed
cytoplasmic punctate structures under both nutrient-rich and Hanks’ buffer starvation conditions. The numbers of cells used for quantification were 18 (for
EGFP, nutrient-rich), 24 (for EGFP, Hanks’ buffer starvation), 22 (for Nrbf2-EGFP, nutrient-rich), and 22 (for Nrbf2-EGFP, Hanks’ buffer starvation). d, ectopically
expressed mCherry-Nrbf2 and EGFP-Atg5 colocalized on punctate structures under Hanks’ buffer starvation conditions. The numbers of cells used for quan-
tification were 14 (for mCherry) and 12 (for mCherry-Nrbf2). e, ectopically expressed Nrbf2-EGFP and myc-tagged Ulk1 WT colocalized on punctate structures
under Hanks’ buffer starvation conditions. The numbers of cells used for quantification were nine (for EGFP) and four (for Nrbf2-EGFP). f, ectopically expressed
mCherry-Nrbf2 and endogenous FIP200 colocalized on punctate structures under Hanks’ buffer starvation conditions. The numbers of cells used for quanti-
fication were three (for mCherry) and eight (for mCherry-Nrbf2). g, ectopically expressed Nrbf2-EGFP and myc-tagged Ulk1 K46I mutant colocalized on
punctate structures under Hanks’ buffer starvation conditions. The numbers of cells used for quantification were six (for EGFP) and nine (for Nrbf2-EGFP). d– g,
note that mCherry or EGFP was primarily diffused, whereas mCherry-Nrbf2 or Nrbf2-EGFP formed puncta under Hanks’ buffer starvation conditions. h,
ectopically expressed Nrbf2-EGFP formed cytoplasmic puncta in both FIP200�/� and FIP200�/� MEFs under Hanks’ buffer starvation conditions. The numbers
of cells used for quantification were six (for EGFP, FIP200�/�), 11 (for Nrbf2-EGFP, FIP200�/�), eight (for EGFP, FIP200�/�), and ten (for Nrbf2-EGFP, FIP200�/�).
NS, not significant. Scale bars � 10 �m (c–f) and 20 �m (g and h).
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FIGURE 5. Nrbf2 reduces intracellular PI3P levels in RPE-1 cells. a, ectopically expressed mCherry-Nrbf2 and EGFP-2�FYVE colocalized on punctate struc-
tures under serum starvation conditions. Scale bars � 10 �m. The number of cells used for quantification was 18 for either mCherry or mCherry-Nrbf2. Note that
because EGFP-2xFYVE was capable of sequestering cytoplasmic constituents, even mCherry alone formed some punctate structures that were positive for
EGFP-2xFYVE. However, mCherry-Nrbf2 clearly formed more distinctive puncta and colocalized with EGFP-2xFYVE to a higher degree. b– d, monitoring
intracellular PI3P levels in RPE-1 cells treated with non-targeting (Ctl), Nrbf2, or Atg14L siRNA by protein-lipid overlay assay. b, layout of the PI3P mass strip. c,
a representative dot blot showing extracted acidic lipids as detected by SuperSignal West Femto chemiluminescent substrate. Corresponding amounts of total
proteins are labeled in parentheses. Note that PI, PIP3, PIP2s, and other phosphatidylinositol phosphate controls in lane 3 and 0.5–1 pmol of PI3P in lane 2
showed barely detectable signals. d, comparison of extracted intracellular PI3P levels (normalized to total protein levels) upon non-targeting, Nrbf2, or Atg14L
siRNA treatment in RPE-1 cells for data collected in dot blots like c. Four independent experiments were performed. Mean � S.E. was plotted with means
labeled. e, comparison of extracted intracellular PI3P levels (normalized to total protein levels) upon non-targeting, Nrbf2 sp, or Nrbf2 3�UTR siRNA treatment
in RPE-1 cells using the PI3P mass ELISA kit. Six independent experiments were performed, with each experiment plotted individually to best show the effect
of Nrbf2 siRNA treatment.
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lesser degree (Fig. 6b, IP: Vps34, lanes 4 and 5). Furthermore,
despite the fact that Nrbf2, Vps34, and Vps15 protein levels were
unchanged upon Beclin 1 deficiency (Fig. 6b, INPUT, lanes 1 and
3), the Nrbf2-Vps34 interaction or the Vps34-Vps15 interaction
was abolished as a result of Beclin 1 siRNA treatment (Fig. 6b, IP:
Vps34, lanes 4 and 6), suggesting that Beclin 1 is required for Vps34
to interact with other components of the Beclin 1-Vps34 protein-
protein interaction network.

DISCUSSION

To elucidate the molecular details of autophagy regulation by
the Beclin 1-Vps34 protein-protein interaction network, we set
out to identify novel components in the network and charac-

terized their roles in regulating autophagy (15). To this end, we
identified Nrbf2 as a Beclin 1-interacting protein with its N
terminus required for binding to Beclin 1 and determined a
novel role for Nrbf2 in negatively regulating autophagic flux.
Using endogenous IP, we showed that Nrbf2 interacted with
Beclin1, Vps34, and Vps15, the components of the core com-
plex in the Beclin 1-Vps34 protein-protein interaction network.
Interestingly, Nrbf2 also interacted with Atg14L, the adaptor to
recruit the core complex for autophagosome biogenesis, but
not UVRAG, the adaptor to recruit the core complex for endo-
cytic trafficking. Moreover, Atg14L was required for the Beclin
1-Nrbf2 interaction, suggesting that Nrbf2 may interact with
Beclin 1 through Atg14L. In addition, ectopically expressed

FIGURE 6. Nrbf2 is required for the Atg14L-Vps34/Vps15 interactions. a, IP of endogenous Atg14L in RPE-1 cell treated with non-targeting, Nrbf2, Beclin 1,
Vps34, or UVRAG siRNA under nutrient-rich conditions. b, IP of endogenous Vps34 in RPE-1 cell treated with non-targeting, Nrbf2, or Beclin 1 siRNA under
nutrient-rich conditions. a and b, interactions that required Nrbf2 and Beclin 1 are marked by red and green asterisks, respectively. c, diagram summarizing the
interactions identified in this work through endogenous IPs shown in Fig. 3, d and e, and this figure, a and b. Each arrow is pointed from bait to prey.
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Nrbf2 was colocalized with either ectopically expressed Atg14L
alone or coexpressed Beclin 1 and Atg14L on cytoplasmic
punctate structures. Taken together, we hypothesize that
Nrbf2, by being a component of the Atg14L-containing Beclin
1-Vps34 protein complex, was involved in autophagosome bio-
genesis. Indeed, our data show that ectopically expressed Nrbf2
formed cytoplasmic puncta positive for the isolation membrane
markers Atg5, Ulk1, and FIP200 in a process that was indepen-
dent of the Ulk1 kinase activity or FIP200. Therefore, our cur-
rent working model for the role of Nrbf2 in autophagy is that
Nrbf2 likely suppresses autophagy through negatively regulat-
ing Atg14L-containing Beclin 1-Vps34 protein complex-
mediated autophagosome biogenesis, although our results do
not exclude additional roles for Nrbf2 in autophagosome
maturation.

To unravel the molecular mechanism by which Nrbf2 nega-
tively regulates autophagosome biogenesis and autophagy, we
showed that Nrbf2 localized on PI3P-enriched lipid domains
and suppressed intracellular PI3P levels, consistent with a
potential role of Nrbf2 in inhibiting Vps34 activity. We further
showed that Nrbf2 was critical for the Atg14L-Vps34/Vps15
interactions, whereas the Beclin 1-Atg14L or Beclin1/Vps34-
UVRAG interactions were unaffected by Nrbf2 deficiency. We
summarize the protein-protein interactions identified in this
work in Fig. 6c. It is possible that the Nrbf2-mediated Atg14L-
Vps34/Vps15 interactions may contribute to the role of Nrbf2
in suppressing Vps34 activity through a conformational regu-
lation-based mechanism. Therefore, in our working model, we
propose that Nrbf2 modulates protein-protein interactions in
the Atg14L-containing Beclin 1-Vps34 protein complex, lead-
ing to the suppression of Vps34 activity, autophagosome bio-
genesis, and autophagic flux.

The roles of the Beclin 1-Vps34 protein-protein interaction
network are largely context-dependent because components of
the Beclin 1-Vps34 protein-protein interaction network have
different, even opposing effects on autophagy. For example,
Vps34 is essential for autophagy (7, 8, 14). Paradoxically, during
amino acid stimulation, Vps34 positively regulates mammalian
target of rapamycin complex 1, leading to autophagy inhibition
(57–59). As another example, Beclin 1, when interacting with
Atg14L, promotes autophagosome biogenesis (15–18). In con-
trast, Beclin 1 is involved in inhibition of autophagic activity
when interacting with either 14-3-3 (60) (as a result of Beclin 1
phosphorylation by Akt) or Bcl-2 (24) (interaction weakened by
death-associated protein kinase-mediated Beclin 1 phosphory-
lation (61, 62)). In addition, UVRAG has been suggested to either
direct Beclin 1 and Vps34 to endocytic trafficking (17) or promote
autophagosome maturation (27) and, with some controversy,
autophagosome biogenesis (17, 28). Therefore, the Beclin 1-Vps34
protein-protein interaction network appears to be dynamic, serv-
ing as a key regulatory hub to integrate extracellular and intracel-
lular cues for tight control of autophagic activity. On the basis of
our data presented here, Nrbf2 is an important component of this
context-dependent Beclin 1-Vps34 protein-protein interaction
network. Under certain conditions (such as those reported in this
work), Nrbf2 negatively regulates autophagy and likely Vps34
activity through modulating protein-protein interactions in the
Beclin 1-Vps34 network.

As a final note, while our manuscript was under review, three
studies reported the identification of human (63) and mouse
(64) Nrbf2 as well as the yeast ortholog Atg38 (65) as a compo-
nent of the Beclin 1/Vps30-Vps34 protein-protein interaction
network. Our biochemical data are largely consistent with the
above reports that Nrbf2 is primarily a component of the
Atg14L/Atg14-containing Beclin 1/Vps30-Vps34 protein com-
plex and is critical for the assembly of the Atg14L/Atg14-Be-
clin1/Vps30 and Vps34-Vps15 subcomplexes. Our results are
also consistent with the above reports that Nrbf2 is involved in
autophagosome biogenesis. However, contrary to the above
reports showing a positive role of Nrbf2 in regulating
autophagy, using a variety of independent autophagic flux
assays, we showed that human Nrbf2 suppressed autophagic flux
in RPE-1 and HepG2 cells. Although we do not understand what
causes the difference in our study and those of the other groups, we
postulate that the discrepancy is likely rooted in the context
dependence of autophagy regulation. For example, the MIT and
CCD domains of yeast Atg38 are evolutionarily more divergent
than those of the mammalian Nrbf2 (Fig. 1d). In particular, the
CCD of yeast Atg38 lacks the five leucines that are consecutive at
every seven residues in the mammalian Nrbf2 CCD (Fig. 1d).
These sequence deviations of yeast Atg38 from mammalian Nrbf2
may result in an alteration of function. Moreover, we also partici-
pated in one of the reported studies where Nrbf2 was observed to
enhance autophagy and Vps34 activity in NIH 3T3 cells and MEFs
(64). Even in our own hands, Nrbf2 siRNA-treated NIH 3T3 cells
showed increased p62 levels (data not shown). Therefore, it is pos-
sible that Nrbf2 may function differently in human versus mouse
cells. Supporting this notion, it has been reported that expression
levels of Beclin 1 and Atg14L, as well as the stoichiometry of the
Beclin 1-Vps34 protein complexes, were drastically different in
mouse (NIH 3T3 and MEFs) and human (HeLa) cell lines (40).
Furthermore, our study utilized siRNA to transiently (2
3 days)
knock down Nrbf2, whereas all abovementioned reports utilized
either genetic knockout (64, 65) or stable knockdown (63). It is
possible that lacking Nrbf2 for an extended period of time may
alter the cellular context. In short, Nrbf2 is an important player for
tight autophagy regulation, maybe in a species-, cell type-, or
stress-specific manner. Further investigation is necessary to reveal
the context dependence of autophagy regulation by Nrbf2.
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